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ABSTRACT 
The work summarized in this thesis is related to the use of thin-layer 
chromatography (TLC) as an analytical method for identification and 
separation of organic (amino acids and amines) and inorganic (heavy metal 
cations) compounds. As an extension to the existing knowledge, several new 
novel, cost effective, non-toxic and readily applicable chromatographic 
systems have been identified for TLC analysis of amino acids, amines and 
heavy metal cations. The interesting features of the present study include: 
> Use of commercially available silica gel 'G' microcrystalline 
cellulose and kieselguhr sorbents as layer materials for thin-layer 
chromatographic plates. 
> Use of surfactant as one of the components of surfactant-mediated 
mobile phase eluents to investigate its role in modifying the 
retention pattern of analytes on TLC plates. 
> Utilization of analytical potential of carboxylic acid, containing 
eluents as a promising medium for chromatographic separation of 
heavy metal cations. 
> Examination of effect of impurities on the preliminary separation of 
co-existing analytes. 
> Estimation of limit of detection of studied analytes with proposed 
TLC systems. 
> Spectrophotometric dctemiination of some heav>' melal ions (AV\ 
Fe * and Cu^*) and amino acids (L-Tr>'ptophan and L-Cystcin). 
> Application of the proposed methods for detection, identification, 
separation and quantification of analytes from a variety of spiked 
samples, ores, alloys (real and synthetic), industrial wastewater and 
drugs samples. 
The results presented in the thesis contribute substantially to the 
advancement of TLC procedure. The present work formulated with the 
objective of developing new TLC systems comprising of surfactant-
mediated mobile phases and support materials for acquiring improved 
separations of inorganic and organic compounds has been encapsulated in 
the form of seven chapters of the thesis, discussed briefly as. 
Chapter 1 an introductory part, which summarizes brief history of 
chromatography techniques and various important aspects of liquid 
chromatography including its usefulness in the analysis of organic and 
inorganic compounds. A comprehensive description on TLC including 
theory, general practices and complete literature survey of last fourteen years 
on its application to amino acids, amines, anions and heavy metal cations 
has been provided in this chapter. 
Chapter 2 elucidates the analytical role of DMSO, AOT and 
1-butanol, in thin layer chromatographic separation of sulfur containing 
amions acids. The proposed system was consists of silica gel has been 
used as stationary phase in combination with surfactant-mediated 
eluents for thin layer chromatography of 12 amino acids. Several 
combinations of mobile phase systems comprising of different 
constituent and ratio have been tested for rapid and reliable separation 
of amino acids. The results obtained with mobile phase M7 were 
compared with those obtained with mobile phases 
M2+DMSO+methanol (3:2:7; v/v), Mj+DMSO+ethanol (3:2:7; v/v) 
and M:+DMSO+l-propanol (3:2:7; v/v). Thin layer chromatography 
system constituting silica gel as stationary phase and 0.00IM aqueous 
AOT [Sodium bis (2-elhylhexyl) sulfosuccinate], DMSO and 1-
butanol (3:2:7; v/v) as mobile phase was identified as most favourable 
system for the separation of coexisting L-methionine (L-Met), L-
cystein (L-Cys) and L-cystine (L-Cys-Cys) (Figure 1). The proposed 
method is rapid and suitable for identification and separation of L-
Met, L-Cys and L-Cys-Cys in the presence of many common heavy 
metals. The separation of microgram quantities of L-Met from 
milligram quantities of L-Cys or vice-versa was reported. Parameter 
such as limits of detection was also studied. Quantitative 
determination of L-Cys was done. 
L-Met 
L-Cys 
L-Cys-Cys 
Figure I: Separation pattern of coexisting L-Met, L-Cys and 
L-Cys-Cys with M7 mobile phase on silica layers. 
IV 
Chapter 3 presents the use of water-in-oil microemulsion as mobile 
phase in thin layer chromatography (TLC) of amino acids. The TLC system 
employing silica gel as the stationary phase and water-in-oil microemulsion 
(SDS+ water+ heptane+ n-pentanol; (160 g + 8 mL + 16 mL + 25 mL), as 
the mobile phase was identified as being the most favourable system for the 
selective separation of L-Tryptophan from other amino acids in the presence 
of common inorganic (metal cations) impurities. The proposed method was 
rapid and applicable to the identification and separation of L-Tryptophan 
from drug samples (Tabid). The separation of microgram quantities of L-
Tryptophan from milligram quantities of other amino acids were also 
attempted. The quantitative estimation of L-Tryptophan by 
spectrophotometry after preliminary separation from other amino acids was 
performed successfiilly. 
Table 1: Rp of L-Trp in Drug Samples. 
Drugs samples L-Trp Other amino acids 
0.18 
0.18 
0.15 
Chapter 4 encapsulates the retention behaviour of aliphatic and 
aromatic amines, has been examined on plain silica gel layers developed 
with water-in-oil microemulsion (SDS+ water + heptane + n-pentanol; 8 g 
+ 8 ml + 16 ml + 25 ml). The effect of basicity of aromatic and aliphatic 
amines on the Rp value was studied. Some important separations were 
experimentally achieved on plain silica gel layers (Table 2). 
Astymin-m (Forte) 
Astymin (Liquid) 
Alamin Forte 
0.57 
0.55 
0.56 
Table 2: Experimentally Achieved Separation of Amines on 
Plain Silica Layers Developed With Water-in-Oil 
Microemulsion Mobile Phase. 
S. No. 
1. 
2. 
3. 
Separations 
DPA (0.76) -AL(0.55) - QL (0.44)-MA (0.16)-DEA (0.0) 
o-NAL (0.91)-;7-NAL (0.71)- m-NAL (0.50)- TMA (0.20)-
DMA (0.05). 
o-NAL (0.90)- p-NAL (0.91)- m-NAL/ o-CAL/ m-CAL/ 
p-CAL/o-TLD/AL/ m-TLD/QU p-TLD («0.50)- TMA 
(0.20)- TEA (0.05)/DEA (0.0) 
In chapter 5 Silica gel was used with surfactant-mediated eluents for 
thin layer chromatography of sixteen metal cations. Several combinations of 
mobile phase systems comprising of sodium dodecyl sulfate (SDS) plus 
organic non-electrolytes and inorganic electrolytes have been tested for 
rapid and reliable separation of metal cations. TLC system constituting silica 
gel as a stationary phase and 0.3% SDS (pH 2.3) plus 5% aqueous NaCl 
(9:1; v/v) as mobile phase was identified most favorable system for the 
separation and identification of co-existing gold, copper and silver in alloys 
(Figure 2). Semiquantitative determination of Cu^ "^ ,Co^ '^ , Ni'"" and Cd^ "" by 
spot- area measurement method has been attempted. 
TLC-spectrophotometry technique has been used for quantitative 
determination of Cu^ "^  in synthetically prepared ores and alloys with 
preliminary separation from Au^* and Ag"^ . 
VI 
Figure 2: Separation pattern of coexisting Au^^ Cu^ ^ and Ag* with 
0.3% SDS (pH 2.3) + 5% NaCI (9:1) 
%^^' 
VII 
Chapter 6 deals with the thin layer chromatography of 14 metal 
cations performed on silica gel layers using surfactant-mediated 
acidic eluents. Several combinations of mobile phase systems 
comprising of different surfactants (anionic, cationic and non-ionic) 
and carboxylic, or mineral acids have been tested for rapid and 
reliable separation of metal cations. The results obtained on plain 
silica gel were compared with those obtained on plain alumina, 
cellulose, keiselguhr as well as on mixed adsorbents. TLC system 
constituting silica gel as stationary phase and 0.00 IM aqueous AOT 
[sodium bis (2-ethylhexyl) sulfosuccinate] plus 1.0 M aqueous formic 
acid (1:1, v/v) as mobile phase was identified as most favourable 
system for the separation of coexisting Al'"^. Fe^* and Ti''* in the 
presence of common organic and inorganic impurities. The proposed 
method is rapid and suitable for identification and separation of Al^^, 
Fe^^ and Ti"*^  from sea river, tap water and bauxite ores (Table 3). 
The separation of microgram quantities of Al^ "^  from milligram 
quantities of Fe "^  or vice-versa and parameters such as limits of 
detection, reproducibility and repeatability were studied. Quantitative 
determination of Al"'"*^  in bauxite ores was done by TLC-
spectrophotometer. 
VIM 
Table 3: Rp of Al^\ Fe^ ^ and Ti"^  Cations from Spiked and 
Bauxite Ores Samples. 
Mobile Phase: M5 
V! 0 n% T%i A C 
oampies 
Sea water 
River water 
Tap water 
Central India bauxite 
Spiked central India bauxite 
East coastal bauxite 
Spiked east coastal bauxite 
Madhya Pradesh bauxite 
Spiked Madhya Pradesh 
bauxite 
Al^^ 
0.77 
0.81 
0.83 
0.80 
0.81 
0.81 
0.80 
0.83 
0.83 
Separations (Rp) 
T- 3 + 
Fe 
0.30 
0.52 
0.51 
.043 
0.43 
0.44 
0.45 
0.52 
0.51 
Ti'" 
0.0 
0.0 
0.0 
N.D. 
0.0 
ND 
0.0 
N.D. 
0.0 
ND=Not detected 
IX 
Chapter 7 discusses chromatography of metal cations. In this 
chapter silica gel was used as a stationary phase in combination with 
an acidic surfactant containing eluents for the thin-layer 
chromatography (TLC) of 10 metal cations. Several combinations of 
mobile-phase systems consisting of sodium dodecyl sulphate (SDS) 
and carboxylic acids, alcohols and inorganic electrolytes have been 
tested for the rapid and reliable separation of metal cations. The TLC 
system employing silica gel as the stationary phase and 5% aqueous 
SDS plus 1% aqueous acetic acid (1:1, v/v) as the mobile phase was 
identified as being the most favourable system for the separation of 
co-existing nickel, copper and iron cations in the presence of common 
organic and inorganic impurities. The proposed method was rapid and 
applicable to the identification and separation of Fe^^, Cu^^ and Ni^^ 
cations from sea, river and tap water, and from real and synthetically 
prepared ores and alloys (Table 4). The separation of microgram 
quantities of Cu^^ cations from milligram quantities of Ni^^ cations 
and the semi-quantitative determination of Ni^ "*^  cations from 
industrial wastewater by visual comparison were also attempted. The 
quantitative estimation of Fe"'' cations by spectrophotometry after 
preliminary separation from Ni"" and Cu"" cations was performed 
successfully. 
TABLE 4. Separation of a Mixture of Fe^ -^Cu^ -^Ni^ "^ Cations 
from Spiked, Real and Synthetically Prepared Metal 
Ore, Alloy and Heavy Metal Sludge Samples* 
Samples 
Sample E5 
Spiked waste sample 
Spiked sulphide sludge 
waste sample 
Spiked hydroxide sludge 
sample 
Sulphide sludge standard 
solution 
Hydroxide sludge standard 
sample 
Spiked seawater 
Spiked river water 
Spiked tap water 
Synthetic German silver 
Spiked synthetic German 
silver 
Synthetic brass 
Spiked synthetic brass 
Real German silver 
Spiked real German silver 
Real brass 
Spiked real brass 
Real bronze 
Spiked real bronze 
Fe^^ 
NA 
0.04 
0.02 
0.03 
0.03 
0.02 
0.03 
0.02 
0.03 
NA 
0.02 
NA 
0.02 
NA 
0.04 
NA 
0.03 
NA 
0.03 
Separation (Rp) 
Cu^^ 
NA 
0.47 
0.45 
0.50 
0.46 
0.45 
0.46 
0.45 
0.49 
0.46 
0.46 
0.47 
0.45 
0.45 
0.45 
0.47 
0.48 
0.46 
0.46 
Ni^^ 
0.85 
0.86 
0.85 
0.85 
0.85 
0.83 
0.83 
0.84 
0.84 
0.83 
0.84 
NA 
0.84 
0.84 
0.85 
NA 
0.85 
NA 
0.86 
Mobile phase: M24. NA = Not Available. 
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general IntrodMction 
1.1 INTRODUCTION 
Analytical chemistry has extensive applications in the analysis 
of organic and inorganic compounds, pharmaceuticals, bio-
chemicals, body fluids, polluted water, food and many other areas. 
With the global awareness in health hazards and environmental 
pollution, analytical chemistry has played key role to unveil its 
causes. Modern sophisticated computerized instrumental techniques 
made possible to elucidate the microstructure of molecular species 
and thereby the reaction mechanics taking place onto the species, 
studies of rare and artificial radioactive elements and to obtain 
substances in the highest state of purity. This branch usually begins 
by placing chemical analysis in the broader prospective of chemical 
science, describing different methods of analysis e.g. qualitative 
(deals with finding what constituent or constituents are in analytical 
sample) and quantitative (deals with the determination of how much 
of given substance is in the sample) on macro to micro level and can 
also be applied to the routine analysis. Chemical analysis is an 
important part of most exciting scientific projects being carried out 
throughout the world, because on this basis one can understand the 
properties of materials of our interest. According to the type of 
process used to perform the analysis, methods used for chemical 
analysis can be categorized as given in Figure 1.1. 
Chemical Analysis 
1 
"Wet** Methods (Classiest) Instrumental Methods 
Gravimetric Volumetric Optical Separation Electroanalytical 
Analysis Analysis Methods Methods Methods 
Figure I. l: The Major Categories of Chemical Analysis 
2 
Instrumental as well as non-instrumental (or classical) 
methods are being employed for the analysis of air, water and soil 
pollutants. Since instrumental analysis is becoming increasingly 
automatic and research oriented, the need for analytical chemistry is 
also rising as newer problems are erupting up in view of the 
challenging demands of the contemporary world. As a matter of fact, 
analytical chemistry involving the development of new methods and 
modifications to classical methods is most suited to meet the 
requirements of mankind. Despite the advantages offered by the 
instrumental methods in various fields, their wide spread adoption 
has not rendered the classical methods obsolete for the simple 
reasons that firstly, they cannot be applied if the analyte is present 
in large concentration and secondly, it is absolutely imperative to 
use classical methods (volumetric or gravimetric) of analysis for 
standardization of newer methods. In fact classical methods deserve 
to be strengthened because they are simple, inexpensive and 
versatile. 
1.2 SEPARATION TECHNIQUES 
The identification and separation of various species can be 
achieved by an array of systematic procedures. Among the most 
versatile analytical separation techniques, chromatography has wider 
applicability. 
Chromatography 
In spite of the popular belief and general acceptance of the 
contribution of Tswett as being the real discoverer of 
chromatography (literally "colour writing" from the Greek), the 
starting of chromatography predated to the work of F.F. Runge who 
investigated the separation of coloured substances (i.e. dyes) on 
paper ( I ) . The work carried out by Goppelsroeder (2) and Schonbein 
3 
(3) on chromatographic separation of substances on filter paper has 
been included in a report published by Fischer and Schmidner{A) in 
1892. However, the concept of separation on columns may be 
attributed to Reed's work, which was followed by Day who 
separated petroleum fractions with the help of columns (5,6). The 
paper published in 1906 by M. Tswett, a lecturer of Botany at the 
University of Warsaw provided the first description in nearly 
modern terms of chromatographic separation (7). He described the 
resolution of different components of pigments as colored bands on 
a calcium carbonate column like spectrum of light rays and termed it 
as "Chromatogram". The actual importance of Tswett's work 
remained dormant until about 1931, when separations of plant 
carotene pigments were reported by prominent organic chemist Kuhn 
(8,9). His research attracted much attention and adsorption column 
chromatography became invaluable tool in the field of natural 
product chemistry. In 1941, Martin and Synge (10,11) laid another 
milestone in development of chromatography by reporting their 
discovery of liquid-liquid partition chromatography. One liquid was 
used as adsorbent and another liquid was allowed to percolate 
through the former, thus making the technique as a chromatographic 
process. This work initialized the development of other forms of 
chromatography. 
Chromatography is a phenomenon in which two or more 
compounds in a mixture are physically separated by distributing 
between two phases: (i) a stationary phase which can be a solid or a 
liquid supported on solid and (ii) a mobile phase (either a gas or a 
liquid) which flows continuously through the stationary phase. 
Differences in the affinity of individual components facilitate their 
separation. Chromatography is a collective term, which is applicable 
to all methods that appear diverse in some regards but share certain 
4 
common features. The basis of several related separation methods is 
the differential migration from a narrow initial zone of mixture with 
suitable combination of driving force and resistive action of which 
either one or both must be selective in order to achieve effective 
separations. The chromatrographic systems can be classified 
according to (a) state of aggregation of the phases, (b) physical 
arrangement of the phases and (c) mechanism operating in the 
distribution equilibrium. 
Chromatographic systems generating from solid, liquid and 
gaseous phases are (a) liquid-liquid (b) liquid-solid (c) gas-liquid 
and (d) gas-solid. If the mobile phase is a gas, the technique is 
known as "Gas Chromatography" and if it is a liquid then the 
technique is called "Liquid Chromatography. The stationary phase 
may be in the form of flat bed consisting of adsorbent spread 
uniformly on a sheet of glass or aluminium {thin-layer 
chromatography) or a sheet of cellulose {paper chromatography) or 
packed into a glass or metal column {column chromatography). 
According to the mode of separation of mechanism, chromatography 
can be adsorption, partition, ion- exchange, size exclusion, 
electrochromatography etc. A simple classification of 
Chromatographic methods is summarized in Table 1.1. 
Table 1.1: Classification of Chromatographic Methods 
S.No 
1. 
2. 
Type of 
Chromatography 
Adsorption 
chromatography 
Partition 
chromatography 
Examples 
Column chromatography, thin-layer 
chromatography, gas-solid 
chromatography 
Paper chromatography, 
reversed-phase thin-layer 
chromatography, classical 
liquid-liquid chromatography 
3 
4 
5 
6 
Modified partition (or 
bonded phase 
chromatography) 
Ion-exchange 
chromatography 
Exclusion 
chromatography 
Electrochromatography 
High-performance liquid 
chromatography (HPLC) and 
high-performance (HP) TLC 
Cation and anion exchange 
chromatography 
Ion-exclusion and gel permeation 
chromatography, molecule or sieve 
chromatography 
Capillary and zone electrophoresis 
Since the work presented in this thesis is mainly based on the 
use of thin layer chromatography as an analytical tool, it is 
necessary to mention the salient features of this technique. The 
following paragraphs are devoted to cover all-important aspects of 
the development and current state-of-art procedure of thin-layer 
chromatography as used for the analysis of organic and inorganic 
substances. 
1.3 THIN-LAYER CHROMATOGRAPHY 
Thin-layer chromatography (TLC), a subdivision of liquid 
chromatography is carried out on a flat surface and hence it is 
sometimes referred to as planar chromatographic separation 
technique. In TLC, the mobile phase (a liquid) migrates through the 
stationary phase (thin layer of porous sorbent on a flat inert surface) 
by capillary action. This technique is simple, versatile and 
inexpensive for separating and identifying the components of 
complex mixtures of inorganic, organic and biochemical substances. 
The beginning of TLC can be ascribed to the report of Dutch 
biologist, Beyerink (12), who separated hydrochloric and sulfuric 
acids in the form of fine rings on thin layer of gelatin using a 
visualizing agent. Following the same method, Wijsman (13) 
identified the presence of two enzymes in malt diastase using a 
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fluorescent method for detecting separated enzymes on thin layer. 
He used the bacteria obtained from sea water as fluorescent agent. 
However, the invention of TLC is usually credited to two Russian 
Scientists, N. A. Izmailov and M.S. Schraiber, who used binder free 
horizontal thin layers (2 mm thick) of alumina spread on glass plate 
to the analysis of pharmaceutical preparations which led to the 
publication of their classical paper (14) on ""A Spot Chromatographic 
Method of Analysis and its Application in Pharmacy" in 1938. Since 
their method consists of depositing a drop of sample solution being 
investigated and the development by the application of several drops 
of solvent on flat surface of adsorbent before observing the 
separated zones, it was called "Drop Chromatography or Spot 
Chromatography". They also pointed out the usefulness of this 
method for preliminary testing of sorbent properties before their 
utilization in the form of column. Though Izmailov is best known for 
his fundamental work on TLC, his main field of interest was 
electrochemistry for which he received the Mendeleiv Prize of the 
Academy of Science of USSR in 1961. 
In 1939, Brown developed a useful technique called "Circular 
Paper Chromatorgraphy" which involves the placing of filter paper 
between two glass plates and the application of sample and the 
developing solvent through a small hole of the upper plate. To obtain 
stronger adsorbent, he proposed the use of a thin layer of alumina 
between two sheets of paper. In 1940, Lapp and Erali used a loose 
layer of alumina spread on a glass slide that was supported on an 
inclined aluminium sheet. This sheet was cooled at its upper end and 
heated at the lower end. The sample was placed at the top of the 
adsorbent layer and gradually developed by solvent descending 
movement. The use of heat at the lower end of the layer increased 
the evaporation rate of the solvent so that increased development 
7 
could take place (15). It is interesting that, in 1949, two American 
Chemists, Meinhard and Hall (16) gave the concept of "Surface 
Chromatography" and described their work on the use of microscope 
slides coated with a mixture of alumina (an adsorbent) and celite (a 
binder) to separate Fe^^ and Zn^*. Their work was probably the first 
application of TLC for the separation of inorganic ions. 
TLC is the most widely used chromatographic method because 
of the following reasons, (a) The availability of limited number of 
liquid chromatographs in research laboratories (b) simplicity of the 
techniques (c) possibility of simultaneous analysis of a large number 
of samples (d) low cost and (e) the ease of operation by a researcher 
with little experience. Numerous publications on TLC applications 
attest to the versatility and applicability of this technique in all 
branches of science. It has opened new fields of exploration and 
become an invaluable aid to separation scientists. 
TLC can be used for (a) qualitative analysis (to identify the 
presence or absence of a particular substance in a mixture (b) 
quantitative analysis (to determine precisely and accurately, the 
amount of a particular substance in a sample mixture) and (c) 
preparative analysis (to purify and isolate a particular substance for 
subsequent use). All three cases require the common procedures of 
sample application, chromatographic separation and sample 
component visualization. However, analytical TLC differs from 
preparative TLC as the sample solution/or amount is applied on 
thinner layers in the former case, whereas thicker TLC plates are 
used for preparative TLC. 
1.4 TLC PROCEDURE 
The TLC process is an off-line process in which all the 
procedural steps, depicted in Figure 1.2 are carried out 
Sample Prepara t ion 
I Relatively Pure Component Crude Extract 
Sample Purification 
Sample Application 
Spotting/Streaking 
One or two 
dimensional 
Plate Development 
Room temp, or 
elevated temp. 
Drying of Chromatogram 
Visual reagent spray, 
UV Scanning 
Zone Detection 
Optional 
Component Removal 
Evaluation or 
Recording the chromatogram 
Documentation and 
Reportig of Results 
JiUurcl.2:Scheme of Typical Thin-layer Chromatographic Process 
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independently. The basic TLC procedure involves the spotting of 
sample mixture (5-10 |iL) at about 2 cm above the lower edge of 
the TLC plate, drying the spot (usually at room temperature), 
development of plate with suitable mobile phase to a distance of 8-
10 cm inside a cylindrical or rectangular closed chamber by 
ascending technique, withdrawing plate from the developing 
chamber, drying the layer at room temperature to remove the 
mobile phase, detection of spots on TLC plate using suitable 
detection reagent, measurement of Rp values of the resolved spots 
and the quantitative estimation of the analyte after extraction from 
the layer with suitable extractant. The differential migration of 
components results due to varying degrees of affinity of the 
components in a mixture for stationary and mobile phases. 
Sample Preparation: Standard methods for sample preparation, 
identification and separation of analyte present in a variety of 
samples such as plants, food, biological, geological and 
environmental samples have been reported. In general, metal cation 
solutions are prepared by dissolving their corresponding salts in 0.1 
M HCI (or HNO3) to a final metal concentration of 0.1-0.2 M. 
Anion solutions are prepared in distilled water, dilute acid or alkali 
solutions. Amino acids are used as freshly prepared solutions either 
in distilled water or in 0.1% of aqueous solution HCI. 
TLC Plate Preparation or Coating Procedures: The contemporary 
trend is of using commercially available pre-coatcd plates. The 
manual preparation of layers involves the coating of slurry of the 
adsorbent (silica gel, alumina and soil) on glass, aluminium or 
plastic sheet (20x20 or 20x10 cm) with the help of TLC applicator. 
The thickness of dried layer for analytical purposes is kept to 0.2-
0.3 mm. A binder (starch, gypsum, dextrin or polyvinyl alcohol) is 
usually added to the layer material to provide better adhesion. 
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mechanical stability and durability. 
Sample Application: Sample application is one of the most important 
steps in the technology of TLC. Improperly applied samples result 
in poor chromatograms. Sample can be applied as spot or streak 
using micropipette, microsyringe, melting point capillaries ete. A 
number of automatic spotters of varying design are available for 
sample application. The nanoapplicator (Nanomat) is an example of 
micrometer controlled syringes which has a dynamic volume range 
of 50-230 nL. Another applicator (Linomat) allows sample 
application in narrow bands. The application of sample as streak or 
band provides more efficient separations. The sample should be 
completely dried before placing the plate in the developing 
chamber. Dilute solutions can be applied to the layer either with 
sorbent drying between successive applications or after bringing the 
sample solution to proper concentration. 
Development Modes: The process of migration of mobile phase 
through the sorbent layer to effect separation of the sample 
substance is called development. Ascending development has been 
the most commonly used mode of development in TLC. Other 
development modes such as multiple, stepwise, circular two-
dimensional and reversed-phase partition development have also 
been used to limited extent. The distance for the migration mobile 
phase has been kept to 10-12 cm for conventional TLC. While 
performing the development one should take care of the angle of the 
development and saturation of chamber apart from other factors. 
1.5 CHROMATOGRAPHIC SYSTEMS 
The stationary and mobile phases together comprise the 
chromatographic system. The proper selection of stationary and 
mobile phase conditions decides the degree to which effective 
separations of components in a mixture can be achieved. 
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Stationary Phase (Layer Sorbent): Silica gel, an amorphous and 
porous sorbent has been the most preferred layer material followed 
by alumina and cellulose. Thin layers of silica gel G (gypsum 
binder) and silica gel S (starch binder) with or without, "fluorescent 
indicator" have been used more frequently. Silica gel is slightly 
acidic in nature. At the surface of silica gel, the free valences of the 
oxygen are connected either with hydrogen (Si-O-H, silanol groups) or 
with another silicon atom (Si-O-Si, siloxane groups) (Figure 1.3). The 
silanol groups represent adsorption active surface centres that are able 
to interact with solute molecules. On the other hand, alumina 
(aluminium oxide) is basic and is more reactive than silica gel. 
Adsorption is the separation mechanism in both silica gel and alumina. 
Cellulose, an organic material is used as a sorbent in TLC when it is 
convenient to perform a given paper chromatographic separation by 
TLC with decreased development time and increase in the sensitivity of 
detection. Mixed layers (impregnated and non-impregnated) have 
also been used by several workers for achieving enhanced resolution of 
components. Mixed layers are usually of medium activity as compared 
to the separated phases. The addition of kieselguhr in silica generally 
reduces the activity of silica, resulting in a new sorbent layer with 
altered activity that is capable of providing peculiar separations, not 
possible on separated phases. The mixed layers of upto three or four 
sorbents have been occasionally prepared and used for specific TLC 
applications. However, binary (or biphasic) sorbent layers have been 
more commonly used for routine analysis of organic as well as 
inorganic mixtures. 
Mobile Phase (Solvent System): In TLC, the separation of ions is 
usually governed by the physical interactions of the adsorbent and the 
coordinative properties of the mobile phase. The mixture of organic 
solvents containing some aqueous acid, base or a buffer are, in general. 
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well suited for the separation of ionic species whereas anhydrous 
organic solvents and water containing mobile phases have been found 
more useful for separating nonionic species. Mobile phase should be as 
simple as possible and prepared from the purest grade of solvent. The 
use of mixtures composed of more than four components of mobile 
phase should be avoided because of problems associated with 
reproducible preparations. In contrast to mobile phases of higher 
volatility, which are capable to evaporate quickly from the sorbenl 
layer, better reproducibility is achieved with mobile phases of lower 
volatility. The mobile phases used as developers in TLC may be 
categorized into following groups. 
(a) Inorganic Solvents: Solutions of mineral acids, bases, salts and 
mixture of acids, bases and /or their salts. 
(b) Organic Solvents: Acids, bases, hydrocarbons, alcohols, amines, 
ketones, aldehydes, organo phosphates and their mixture in 
different proportions. 
(c) Mixed Solvents: Above mentioned organic solvents mixed with 
water, mineral acids, inorganic bases or dimethyl sulphoxide and 
buffered salt solutions. 
(d) Surfactant mediated: Aqueous and hybrid solutions of cationic, 
anionic and non-ionic surfactants. These systems contain surfactant as 
one of the components of the mobile phase. 
Surfactants are long chain amphiphilic organic or organometallic 
molecules containing a highly polar (hydrophilic or lipophobic) or 
"ionic head group" attached to a non-polar (hydrophobic or lipophilic) 
hydrocarbon tail of varying chain length. The "head group" is either 
cationic (e.g. ammonium or pyridinium ion), anionic (e.g. hydroxy 
compounds) or zwitterionic (e.g. amine oxide or carboxylate) and the 
hydrocarbon tail which may contain at least 8 carbon atoms. Depending 
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upon the nature of hydrophilic group, surfactant can be classified as 
anionic [R-X'M'']; cationic [R-N''(CH3)3X"]; zwitterionic [R-(CH3)2 
N^CHjXl and nonionic [R(OCH2CH2)]niOH, where R is a 
long aliphatic hydrocarbon chain, M^ is a metal ion, X" is a halogen, 
C00~ or S04^~ and m is an integer. A list of some common surfactants 
is provided in Table 1.2. 
Table 1.2: Some Typical Surfactants, Formulae and Their CMCs 
Surfactant Formulae CMC(M) 
Anionic 
Sodium dodecyl sulfate (SDS) CH3(CH2)i |0S03Na^ 8.1x10'^  
Potassium perfluoroheptanoate CvFisCOO'K^ 3.0x10"^ 
Sodium polyoxyethylene (12)- CH3(CH2)ii(OCH2CHi2)i2 2.0x10""' 
dodecyl ether OSO^Na'' 
Cationic 
Cetylpyridinium chloride Ci6H33N^C5H5Cr 1.2x10'"' 
Cetyltrimethyl ammonium- bromide CH3(CH2)i5N''(CH3)3Br" 9.0x10'" 
(CTAB) 
Nonionic 
Polyoxyethylene (6) dodecanol CH3(CH2) 11 (OCH2CH2)60H 9.0x10'^ 
Polyoxyethylene (23)- dodecanol CH3(CH2)ii(OCH2CH2)230H 1.0x10"" 
(Brij-35) 
Zwitterionic 
N-Dodecyl-N, N- CH3(CH2)iiN (^CH3)2(CH2)3S03- 3.0 x 10"^  
dimethylammonium-3 -propane-1-
sulfonic acid (SB-12) 
N,N-Dimethyl-N(carboxymethyl) C8Hi7N*(CH3)2CH2COO" 25 x 10"^  
octylammonium salt, 
Nonaqueous (reversed) 
Bis(2-ethylhexyl) sodium Na03SCH(CH2COOC8H,7)COOC8H,7 6.0x10"" 
sulfosuccinate (APT) 
14 
Micelles 
Surfactant (or amphiphilic) molecules comprising of 
hydrophobic and hydrophilic moieties tend to exhibit a considerable 
degree of self-organization when dissolved in aqueous solutions. 
Above a certain concentration level, termed as critical micelle 
concentration (CMC), the surfactant molecules in solutions (water 
or organic solvents) aggregate to form micelles. The process of 
micelle formation is called "micellization". Micelles do not exist at 
all concentrations and temperatures. There is a very small 
concentration range below which aggregation to micelles is absent 
and above which association leads to micelle formation. This narrow 
concentration range during which micelle formation occurs is 
called the CMC. At low concentration i.e. below CMC and at 
temperature above the critical micelle concentration (e.g. Kraft 
temperature), the surfactant is dispersed in the aqueous media at 
the molecular level as a monomer. The average number of 
monomers per micelle is called the aggregation number (N). At 
25° C and 1 atmospheric pressure, the CMC is typically less 
than 20 mM, with each micelle consisting of 40-140 monomers. 
A conventional model of micelles is that proposed by Hardy 
(Figure 1.4) which is very useful for visualization of a micelle. 
The various structures formed in aqueous solution on increasing 
the concentration of surfactant are illustrated in Figure 1.5. 
There are mainly two types of micelles: 
a) Normal Micelles: The molecular organization of 
surfactant molecules in aqueous solutions results in the 
formation of normal micelles. Above CMC, the surfactant 
molecules are self aggregated in such a manner that the 
hydrophobic moieties (i.e. hydrocarbon tails) are oriented 
inward forming a non-polar core and hydrophilic 
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(polar) head groups are outward keeping themselves in 
contact with the bulk aqueous phase. Normal aqueous 
micelles are generally formed from singly-chain 
surfactants and chain branching inhibits micellization. 
Micelles are considered to be dynamic in nature, with 
continuous exchange of surfactant molecules, in and out of the 
aggregates occurring in the milliseconds to microsecond range. 
Thus, individual surfactant molecules (called monomers) arc 
thought to be distributed throughout the aqueous phase 
surrounding the micelles. 
b) Reverse Micelles: In contrast to the normal micelles 
which are formed in polar (i.e. aqueous media) solvents, 
reverse micelles are formed in non-polar solvents like 
hexane or chloroform and a trace of water where the 
polar head groups of the surfactant are directed towards the 
interior of the aggregate and the hydrocarbon chains are in 
contact with the non-polar solvent. Compared to normal 
micelles, reverse micelles are more complex and less 
understood. Reverse micelles offer the same potential 
advantages for analysis as do normal micelles i.e. the ability 
to solubilize polar species that would be excluded from 
normal micelles. An interesting aspect of reverse micelles is 
their capability to solubilize water in the interior of micelle 
structure. 
From macroscopic perspective, miccllar solutions arc 
homogeneous and cannot be filtered. However, the unique 
characteristics of micellar aggregates stem from their 
microscopically non-homogeneous nature i.e., they provide a 
microenvironment, which is distinctly different from the bulk 
solvent. The most important property of micelles is their ability to 
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solubilize substances that are otherwise insoluble (or sparingly 
soluble) in water. 
1.6 VISUALIZATION 
Physical, chemical, enzymatic or biological detection methods 
are commonly used in TLC. A book by Jork et al. (17) is an 
excellent source of general information about physical and chemical 
methods of detection. Physical methods of detection involve the use 
of spectroscopy (autoradiography). X-ray fluorescence and UV 
radiation etc. Amongs physical methods, visualization under UV-
light is most common. The chemical detection methods involve the 
spraying of plates with a suitable reagent, which forms coloured 
compounds with the separated species. Alternatively, the reagent 
can also be taken in the mobile phase or in the adsorbent. In some 
cases, the detection is completed by inspecting the TLC plate after 
spraying with a suitable detection reagent under UV- light. Both 
selective and non-selective reagents may be used depending upon 
the requirement. However, reagents giving sufficiently sensitive 
colour reactions with several species are generally preferred. The 
biological detection methods (bio-autography) are useful for 
specific detection of compounds with a certain physiological 
activity. An example is the detection of antibiotics on TLC plates 
using triphenyl-tetrazolium chloride and a microorganism that is 
sensitive to the antibiotic to be detected. Similarly, to detect 
antifungal compounds by TLC, inhibition of fungal growth was 
assessed by the detection of dehydrogenase activity with thiazolyl 
blue. In addition to these techniques, enzyme inhibition, 
immunostaining and flame ionization detection methods have also 
been used. 
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1.7 QUALITATIVE ANALYSIS 
(a) Identification: In TLC, the identification of separated 
compounds is primarily based on their mobility in a suitable 
solvent, which is described by the Rp value of each compound. 
Where 
_ Distance of solute motion from the origin 
Dis tan ce of solvent motion from the origin 
The factors which influence the magnitude of Rp are nature of 
sorbent and mobile phases, layer thickness, activation temperature, 
sample volume, chamber saturation, relative humidity and mode of 
development technique. Another term R^, which is the logarithmic 
function of the R[- value [i.e. RM = log ( l /Rp-l)] is more useful as it 
bears a linear relationship to some TLC parameters or structural 
element of the analyte. However, in case of continuous and multiple 
development, where the solvent front is not measured, the term Rx-
._, Dis tan ce moved by solute , . 
I.K.J. = —: J IS used 
Dis tan ce moved by s tan dard 
Rp value ranges from 0.0 for a zone not leaving the point of 
application to 0.999 («1.0) for zone migration with solvent front. 
Unlike Rp, Rx value can be greater than 1.0. 
(b) Separation: When two or more analytes have differential 
migration with the same chromatographic system, they are 
mixed thoroughly, the mixture is spotted on the TLC plate 
and chromatographed. The separated components of mixture 
are detected and their Rp values are recorded. Some of the 
basic requirements for a good separation are (a) each spot 
should be compact (RL - Kj < 0.3), (b) the difference in Rp 
values of two adjacent spots should be at least 0.1. 
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(c) No complexation should occur between/among separable 
species and 
(d) Chromatography of individuals and the mixture should be 
performed under identical experimental conditions. 
1.8 QUANTITATIVE ANALYSIS 
The three main approaches related to quantitation TLC include 
visual estimation and spot-size measurement, zone elution and in-
situ densitometry. 
Visual Estimation and Spot-Size Measurements: This is the simplest 
method of semiquantitative analysis. TLC plates with a definite 
sample aliquot along side standards containing known weights of 
analyte are simultaneously developed. After detection, the weight of 
analyte in the sample is estimated by visuar comparison of the size 
and intensity of the standards and sample zones. The visual 
comparison works well if the applied amounts of sample are kept 
close to the detection limit and the sample is accurately bracketed 
with standards. The accuracy and reproducibility of this method 
falls in the range of 10-30%. 
To standardize the quantification methods in TLC, 
Mohammad and Fatima (18, 19) Mohammad and Tiwari (20), Nanda 
and Devi (21) and Mlodzikowski (22) have established a linear 
relationship between the size of the spot and the amount of the 
analyte. 
L9 ADVANTAGES OF TLC 
TLC is the most versatile and flexible chromatographic 
method. It is rapid because pre-coated layers are available for use 
as received, without preparation. It has highest sample throughout, 
because up to 30 individual samples and standards can be applied to 
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a single plate and separated at the same time. The automated sample 
applications and developers allow high accuracy and precision in 
quantification. There is a wide choice of layers, developers and 
detection methods. The wide choice of detection reagents leads to 
unsurpassed specificity. Less pure samples can be successfully 
analyzed, as the layers are normally not reused. Being an "off line" 
method, different steps of the procedure are carried out 
independently. 
1.10 COMBINATION OF TLC WITH OTHER ANALYTICAL 
TECHNIQUES 
The careful combination of TLC with other analytical 
techniques is more useful to collect information regarding the 
analysis of a complex sample. Spectrophotometry, high-performance 
liquid chromatography (HPLC) and gas chromatography (GC), in 
conjugation with TLC are the three most widely used techniques. 
However, mass/GC, infrared and thermal analytical techniques in 
combination with TLC has also been used. One of the newest 
techniques used in combination with TLC is photoaccuoustic 
spectrometry, which is capable to locate compounds in -situ on the 
plate. Issaq and Barr (23) combined TLC with flameless atomic 
absorption spectrometry (FAAS) to identify an inorganic compound 
in an impure organometallic complex and to determine the recovery 
and purity of organometallic samples. 
The examples cited above reveal, how the separation methods 
of TLC complement the analytical methods necessary for the 
absolute identification of a substance. TLC provides an excellent 
purification method for separating a substance of interest from other 
contaminants in the sample. Analytical techniques can then be 
applied to identify the separated substances. 
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1.11 LITERATURE 
The research work performed on TLC analysis of organic and 
inorganic substances has been well documented in the form of 
several reviews, monographs, books and articles (24-34). CRC 
Handbook of Chromatography series started in 1972 under the Joint 
editorship of G. Zweig and J. Sherma and continued since 1991 by 
the latter and the Handbook of Thin Layer Chromatography 
published in 1992, 1996 and 2003 under the editorship of B. Fried 
and J. Sherma have covered nicely the literature of TLC. Further, the 
latest work carried out on TLC is continuously being reviewed 
biennially in the Fundamental Reviews of Analytical Chemistry by ./. 
Sherma. The last review of this series has appeared recently (35). 
The work published on TLC of metal ions, amino acids and amines 
during the last fourteen years has been presented briefly in Tables 
1.3-1.5. 
I 
OS 
ON 
1 - ^ 
U) 
'C 
s 
Q 
s 
a 
u 
Q, 
v> 
V 
> 
^> 
'u 
9i 
Q 
'3 
H 
B 
'3 
o 
B 
E 
•3 
3 
U 
H 
B O 
B 
a 
<^  
(*-' 
a> 
o: 
s 
E 
E 
o U 
"a 
E 
« Q^  
B 
<: 
, _ 4 
7 3 
O 3 
^ « . 
00 CL. 
c U 
- " o 
2 o 
c« C 
1 "i o to 
^ • o 
•51 53 
O C I , 
^ o 
<u -
o 5 
rt .2 
u *^ 
a 73 
f i « 
C C > 
o 
a 
13 
c/3 ca 
en C 
•o 2 
c3 &0 
' s i c 5 o 5 03 c; o 
• ^ ^ ^ 
.a c " 
CO x : -
o *- •£ 
o c • c 
1-4 o > 
c 
u 
GO 
CO 
(U 
U i 
<u 
c2 
<N 
<4-c C M 
o o 
U 22 
[-1 . S (u 
tn c - ^ 
CO ;/-, O . 
x: -, 
D . ,/i - = 
1 —• • • • 
O r^  O 
t/5 H C 
^ 3 C 
^ '^ S 
5PT3 U C • -
o 
.5 crt 'C 
4> O 
-4-* >!^ JZ 
, 1 ) cO x_ 
c "^ c 
• - CO 
• - • " S 
— 50 .2 
CO ' Q , 
^ o o 73 .S ex 
s s ^ 
2 ^ o 
O 4> rt 
00.3 o' 
^ 5 '-' CO CO o 
C/D T S « 
7 3 
• 4 — • 
.2 
• > » 
C "Q oo 
CO . — lU 
"O y > 
^ CO ' - ^ C • " 
O O CO (U C > 
J ! ^ t ^ ^ - - ^ 
• - E u 
[ i - CO 7 3 
"2 <-
C O 
CO <*-l 
o .2 
o, ^ 
3 O .S 
-"^  *-• S 
2 .2 ^^  
^ 2 . i i 
UJ .S := 
;-> 
CO — 
c . S 
2 ^ . 
,co oj x : 
3 2 ^ 
^ Q, So 
" 3 73 *-j 
C u 53 
O en C 
- (u o 
5 > >-< 
C Si cj 
r o 
C 
o 
^ 
«-^  
E 
o 
'35 
c 
7 3 
>> 
.o 
42 u 
"o 2 
CO - ^ 
a, 
o 
. o c 2 
P 1 
c .2 
" -a 
a> o 
en J3 
3 .tS 
4> ' ^ 
C V 
CO w 
*^ o 11 
C/3 O 
.2 § 
- 2 53 
CO - 5 1> 
-^.g-.s B 4 ^ en 
<U O , O 
•P fe» t . 
CO B O 
»- CO - r ; 
t ) 0 * S ^ en 
O 3 _ p 7 3 
2 S CL, o 
2 <o *^ 2 
o - . 2 2 
SSeO ^ =« 
CO 7 3 - 3 - S 
— ' O C CO 
.2 5 S 2 
x : <u •Jrl o [-^  B -2i fa 
M C 7 3 CO 
v o 
CT> 
•^ 
•4 CT> 
•^ 
r-' 
fO 
i n 
r^ 
v ^ 
(^ O 
C 
tc 
o 
««• 
a 
^ 5 i . 
•« U 
S 
j i 
a r^ 
U) 
x~~ 
m 
IT-) 
— 
m 
1/-1 
r^ 
• ^ 
u^ 
r . 
^~m 
a-
• " * 
tic 
r^ ^ 
><« • * ^ 
00 m 
n 
o 
C/5 
cJ 
i ^ 
J ^ 
OS 
"^ (/) 
< • 
v : 
o^ 
o J^ 
C/) 
r -
00 
— » 
u 
r -
5 
> 
Q 
en 
•^  
^* r^ 
__' 
0 ^ 
^ » w 
• • ^ 
^ s 
o 
*^  2 
^ P j ^ 
r \J 
Cfl 
O 
— 
N 
' ** 
15 
~ K 
t « 
• • - ^ 
^ 
a 
o 
O 
c_" 
^ 5 
^ • o 
o 
ca 
"> 
"ra 
. c 
ej L . 
P3 
" J 
cr 
a> 
S H J 
— r j r<-i 
CM 
c 
CO 3 
U i * 
n o 
s 
it 
S 
£ 
o U 
V) 
.:^  u R 
s 
a> 
oi 
JS 
r; 
c 
1 
U 
SJ 
o 
3 
to 
1 
o 
•—' 
U i 
o JS 
o. S 
rt 
u 
s 
ex T3 C 
a 
CO 
CO 
D 
I-
=^  o 
:H CX 
c j v> 
O CO 
S c 
P . 2 
5 I 
C CJ 
o *^ 
•s o S ^ 
c '^ 
t— 1-1 
-^ "2 
Vi 3 
O 
C 
ca 
> r2 
00 CO 
C/5 
• o 
>^ 
c 
'2 
o a> 
CO CO 
(J ~~' 
c : S _ _ CO 
3 o >, 
J= "2 S* 
* j -rr CO 
S CO ob 
^ Oft 5 o 
O 6X) CO CO 
O CJ 
i n 
o 
OJ 
-I 
CO 4 - * 
O ^ 
> o 
"J CO 
^ O 
CO O 
2 o 
52 >< £ 
S ^ — 
o j s «t 
<= ^ s 
c t" «? 5 S3 S 
•^ S 
S 4> •> 
•2 S2 o 
to ^ -^ 
Jo o. ^ 
0) (U C 
CO CO - 3 
u § § 
— CO 
CO U 
0 . 2 
Q, C 
>% CO 
to 
U 
P 
ra CO 
C • — 
CO <i-i 
CO - 5 CO 9 < 
rj CO 
CI, tjo 
"O O 
CO 2 
> I 
X 
u 
"O 
O CO 
V ^ 
en. <u 
c <^ 
CO CO 
i § 
ao"3 
.S ^ 
'to " o 
3 CO 
VO 
c 
CO 
e 
<L> 
u, 
<2 
u 
OH 
c 
0) 
3 
CO 
to 
CO < - • 
^ s 
- J - ^ 
H CO 
1 s 
*co S 
C Ci—i i ° 
. 5 to 
•3 :2 
o 2 
S o 
^ ^ CO U 
to 
;^ 
'o 
CO 
o 
c 
s 
< 
s 
c 
CO 
c 
oo 
2 1o .^ 
I OJ 
c ^ 
I to 
9 § 
c c 
o —' 
• r ! to 
"cS : H 
C o 
£ 2 
• * - * ' ^ 
Q 5 
3 
o 
c 
CO 
5*-c CO 
U GO 
CI, O 
I -4—1 
•£3 CO 
o 
c 
1 
CO 
C CO 
CO JO 
' l ^ 
l - j CO 
>» 
^ 
o 
^^ Q , 
O 
*-( I , ; 
n 
o 
3 
o CO 
o 
c 
e CO 
1 
b 
•4-rf 
OJ 
s o • 4 — ' 
to 
T3 
. 2 ^ S3 
t3 fa .2 
.^ 
CO 
o -o 
CO 
CX 
• 4 - * 
J3 
CU 
-o 
c 
CO 
to 
C 
CO 
OH -
CO 
4J 
c 
"cO 
• * - > 
to 
CJ 
o 
o 
2 
to 
_ > C 
^ "^  « 
• % ^ 
J »-i to 
3 O O 
CO g 3 
J. 2 a-
Q O « 
• ^ -^ ^ 
2 c ^ 
O O (u 
'•a *•- 23 
4) "O U 
c/3 rt CJ 
t o CO 
u c 
C CO 
to 
C 
CO 
.2 O,— Q-
CO ex u CLi 
>-, 
CI, 
CO 
60 2 
|u 
o ^ 
-fi > 
CJ . 
C to 
O O tl 
O 1) 
to U 
< o 
to 
O 
<U to 
o _> 
CO o 
C CO 
CO !> 
CO CO 
O 
I 
00 
VO 
CN 
I 
M bo 
^ S 
CN 
is 
• " ^ O N 
b -
It 
(N 
i n 
CQ 
• "^  ' w 
CO U 
CO 
-so 
^15 
^ . ^ . 
O S S 
• = ' E <N 
J= eo OS 
C/3 . t i ON 
o . 
o ^ 
^ 
t: o 
• " . „ £ ; • — *» n r^ . ^ rT4 k f " etJ (/) 
CQ O 
. U 
BJ . — 
^ *-
^ D . 
c<3 <l> 
-J - J 
O 
>- Z O 
i^  d "2 
es 3 <u 
00 N "O 
CO 3 <L» 
Z C/5 J 
C/5 J > S S 
•^ in so r-~ oo 
' - ' S o ' 
c 'I § 
4> 
s 
O 
c 
c4 
2 CO 
« 
c2 
^ O •'-• 
£ c S^  
c« H w 
• ^ " t ; >^ 
0 0 - 5 
vi ^ X 
^ .9 
^ J3 
o 
(N 
3 ^ b 
o 
c 
s 
> 3 
1 ^ * j 
O c/i 
60 O 
c 6 
C CO 
O ' 
^ =^  
U O 
— 4j a , 
(U j 3 C 
^ E 
O C H (U 
w a, S 
CO 
•T3 
3 
13 u 
"o 
T3 
• vN 
O 
es 
O 
C 
o 
CO 
_>. 
c 
CO 
> 
13 
si § 
CO O C 
I o ' 
J J3 - J 
ro 
o 
• ml* 
•35 (u 
CO O 
^ & 
^ - ^ s c 
O CO 
o -^ 
.B-3 
£ • > 
CO "^ ^ 
CO > > 
S c: 
CO • = : 
•— x< 
— o 
5 "o 
.s « 
C L CO 
a c! 
o ^ 
I e 
5 •"" • 
CO c/3 CO 
Js -^ "^  
CO n CO 
a> (L> 00 S 
CO 
u 
« CO 
s :2 
O o 
d§ 
3 CO 
J o 
c 
O 
"rt (J 
«^ ] 
Cl, M CO 
t*H ^ T3 
o c c 
CO o ^ 
•? ti S 
:S 2 S 
••a g'-S g 
^ - ^ > O «- t i p . (U CO ra 
H .2 ^ -o 
r i 
i n 
«N - : 
<N I 
^ o "^ 
3 0 
>/^  
-7 ^ 
cj d 2 
«2 5 
^ > 
1 
CJ 
«5 > R 
O H ^1 
;. .1 
TO ^ 
^ > 5 
J S C 
^ • 's 
2 < S: 
S F « 
>^  > — 
CO 0) y 
i-i >-• -,• 
O — (N rn 
ON . 
s 
B 
o 
S 
I 
Q 
C 
CO 
T3 
C 
0) c 
O -^ 
:a ^ 
o. o 
o S 
e ^ 
o o 
e 
<u 
a 
C 
CO 
3 
O 
<u 
3 
•G c/] 
•o "o 
flJ CO 
>4 O 
u c 
>• " 3 
crt ^ 
3 O 
3 •o 
H Q 
.1 S 
2 -c 
M 3 
•3 £ 
C3 CO 
rrl 
3 
c« 
O, 
CO 
cS 
. 3 
O, 
T3 
CO 
i-i 
> 
>^  CO 
3 
CO 
"O 
t+-i 
O 
^ 
B-cd 
00 
O 
£ 
m 
4> 
CO 
C 
3 
CO 
3 ^^ i^ j 
• 3 2 ^ 
CO CO CXi 
3 « 
D. 3 
CO CO 
CO " O 
E c 
o « 
CO 
3 
O (U 
3 
cr 
o a 
< e 
u 
3 
O 
CO 
1) 5 5i 
CO * - • r < 
J2 CX 
00 
X ! 
CO 
o >-
CO J 2 
e cj 
l > < 
3 « 
3 CO 
O O 
CO " O 
•!-• >3 . S CO 
o <u 
CO CJ 
< O 
3 
CO 
CO 3 £ 
Jrt S^ 53 
D , — . CO U O >^ 
V) Vi vy 
VO 
O 
3 
"s . 
=* ?2 
^ 3 
^ ^ IS « 
O CO 
3 CJ 
II 
o ^ 
*« ^ 
a> CO 
3 Z 
o ._r 
Ofli-J 
3 i « 
\ 3 O 
CO 3 
CO O 
T3 '5 
CJ =^  
H o 
u u 
CO 3 
CO O * 
J S CO 
CO •'^ 
U i >-
1 ) CO 
> -o 
K CO 
o 
3 
• 3 
3 
3 ^ 
U CO 
u — 
3 3 s 
O CO O 
U i TD CO 
O O 
CO ' w 
^ 3 
u i-i CO 
3 
O CO 
CO 
CO • 3 
O 
3 
• g 
CO 
•a 
u 
CO 
> 
o 
u 
o 
3 
o, >> 
3 I-I 
CO 1-4 
<" 3 3 .5 
CO J2 
O CO 
CO 
4_> . ^ 
eo 3 
3 O 
M 'S 
o, «« 
si 
1 3 • 
nS 3 
3 
CO 
+ 
+ 
- ^ CO 
T 3 CO 
CO C I , 
3 3 
.2 o 
^ £ o 
3 
O 
CO 
T3 (U 
•o .S 
C O -
O i i 
3 D, 
• 3 ' 
£ 1-4 
• H 3 
3 '^  
i| 
§ ° 
• « X 
3 ^ 
CO H 
3 + 
•!-> f N 
flj ON £r 
I « 
S CO 
S o 
CJ * 3 
1 ) 
^ CO 
o 
3 
3 
CO 
CJ 
£ ^ 
1) CO 
<J "O 
K CO 
o 
. S «J 
£-^ 
« -Jo 
Q w 
. • * - • 
t<-l CO 
O 3 
- 60 
5 U 
O Ui 
' ^ O, 
.2 S 
O "" «o 
to c ^ 
H CO bo 
o 
I 
O 
•S" 
• < 00 
00 Q 
O 
I 
O 
00 (N 
(N 
I 
I 
ON 
oil 
-s: I 
4> 
Q 
d 
L; S ^ 
1) 
-a 
. - V 
2 ^ G-
d 
C8 
O 
N 
•jr" 5 
— 3 
u 00 
-J a: ( - a : 
Tj- iTi VO I— 
S 
B 
B 
o 
B 
it 
s 
"< 
oo 
1 — ^ 
1 d 
(U O 
«-2 
-o •-
c U 
"* H J 
"2 S5 
N OO 
c + 3> < ^ 
(6 ^ -^  
1 
H CO 
« O 
-^ .S 
( 4 - 1 
o 
c 
o 
S, a 
.S t^ 
^ o 
1) -a 
2 2 
•13 o 
e 
o c/) 
J3 
'% 
«J 
o 
a 
1 
1 
s 
-*—t 
c« 
CO 
• * - » 
C 
CO 
c 
0 \ 
l — t 
CO 
^ "S 33 « C3 O 
CO C 
2 c a, o 
2 « CO 
0 ^ U 
1 -O OH 
<u > X 
r; .!-. 1—J 
§ • S ^ 
3 (U O 
O b bO N .O i
o w • 
"O •z' -^ o c "^ b< <u d 
O 60 O 
2 2 '^ 
o S «-> 
Q »- <u 
o 
c 
e 
13 
•-1 , « 
> rs 
00 ca 
r « > > 
42 -^ 
-^ ^ M 
.o o o 
g s s 
u o o 
^ S »-
2 '5 ^ 
D. S -
i j C * J -w 
O <U — c3 
Z 3 o U 
o 
<N 
1 
U-i 
o 
c 
_3 
"o 
CO 
CO 
O 
3 
CO 
"S 
o 
CO 
1 ^ ^ 
w X 
CO QJ 
2 ^ 
'O 
2 § 
,S - r CO 
>> 
6013 
O i-i 
.)_> . ^ 
S U 
C CO 
o o 
&:§ 
o <i> 
CO O 
< o 
CO 
> 
t3 
% 
e 
CO 
3 
O 
u 
3 
zr 
CO 
C O 
* - » 
CO 
CO 
CO 
c3 
CO 
a 1 
u 
_o 
>^  O 
CM 
O 
CO 
O £2 
•i3 C 
3 W 
CO « 
<N 
C4-I 
O 
3 
CO 
; - i 
«J 
CO 
CO 
CO 
O 
es 
O 
C 
S 
( 4 - 1 
o 
c 
o 
CO 
4> 
> 2 
ex 
S 
o 
c 
1 
3 
> 
00 
c 
IS 
•4-rf 
c 
o 
CO 
o 
ea 
o 
c 
s 
=4-1 
o 
U Fi 
O 
3 
O 
CO 
13 (U 
a 
3 
O 
•4-J 
• ( - > 
CO 
O 
a 
o 
3 
s 
C3 3 
(L> 
x> 
3 O 
t3 
X 
4> t 
O 
CO 
' o 
u 
3 
bO 
1 
CO 
I - I 
13 
CO 
o 
• t-H 
'co 
CO 
3 
O 
3 -
cd 
t - i 
• «-< 
• * - » 
u 
CO 
3 
3 4 - * 
<u 
e 
3 
O 
• ^ - » 
a 
43 
13 
3 
60 
1 
l i 3 
60 
T3 
CO 
3 
13 
• * - • u 
g 
3 
O 
'S CO 
i 2 
is § 
J3 . h 
.-3 <u 
( N 
1 
ON 
^ 
oo' 
• ^ ' ' 
o 
o 
r 
2 
5 
;2: 
U 
"Q 
Si 
5 
03 
V 
> 
< 
r " 
i n 
^ CQ 
S 
i<j 
> 
vd 
^ t 
>o 
fO 
ON 
Ov 
" 0 
0 
"^ 
03 
CQ 
-J 
' . C/D 
J / CQ 
C3 
CO 
CQ 
3 " 
J O 
CQ 
. 0 
^ 
C 
t ^ 
ON 
I — • 
1 
<?N 
^^  
0\ 
IT) 
VO 
'*' ON 
O N 
^ 
0 
0 
5^ 
5 
^ 
ui 
v 
"D 
-J 
s 
3 
X 
i^ 
r"-! 
0 0 
1 
0 
0 0 
• ^ 
r-' 
rv 
• ^ 
ON 
ON 
<J 
S. 
•ti 
^ 
-=; 1 !^ " 
^ 
^ 
^ 1 
u g 
3 
•4, 
"S 
T3 
CO 
I/) 
2 
a. 
> 
c5 
ca 00 ( - CQ 
d < X ai 
00 ON O — 
— — (N CJ 
V } 
e 
s 
B 
o U 
2 
B 
Pi 
13 
s 
^ 
*3 
<s 
<N 
c 
o 
CO 
• 4 - * 
c 
"a, 
c 
o 
"•o 
o 
t/5 
•4—t 
X 
CO 
."2 
' o 
o 
C 
^4-1 
( 4 - 1 
o 
a 
.2 
'5 cd o
' •4-> 
C 
t 3 
o 
c 
> 
00 
• 4 - ' 
c 
"E, 
CO 
o 
s 
CO 
3 
CO 
o 
OS 
o 
- 4 ^ 
F" 
u (U 
a» CL, (4-1 
c "S .2 
X! O, 
H 2 
>-> ? 
•4-< l - l 
15 
, a CO 
• ^ 1 
T3 O 
—' C 
c E 
r<^  
<N 
u 
c 
3 
00 
•a 
c 
"DO 
( M 
o 
c 
' • • - » 
o 
(U 
•4-J 
(U T3 
u 
c 
o 
CO 
o 
3 
2 
CO 
."2 
o 
c 
• p 
< 
( 4 - 1 
o 
c 
o 
•4-» 
o 
c 
• 1>^ 
^ 
d 
o 
1 
CO 
_C 
CO 
o 
O 
c 
<u 
t 
4> 
> 
o 
9" 2 73 
6 S 2 
O J - C 
^ - .2 
kri iL ^ 
« :S 2 
iS to £ 
i -c 2 
:S ^ -O 
'^ 
( N 
_o 
CO 
CO 
3 
O 
u c 
CO 
" 3 
s 
k> (2 
u 
15 
c 
' c o 
c 
a 
1 
o 
o 
c 
1 
.t 
( ( -1 
o 
c 
o 
• ^ ^ 
l - l 
CO 
O4 
u 
CO 
CO 
3 
0 
c 
CO 
4—» 
3 g 
on 
- 0 
c 
^ « 
no 
co" 0 
0 3 
§ .2 (« .2 3 ^ 
0 
U l 
0 
" 12 
ca on 
0 2 
S 3 
ca c 
CO 
• 0 
C 
3 
• 0 0 
la S 
13 0 
la 
c 0 
CO p 
u ci. 1 2 
"V 0 
0 ca 
b S3 
C J -4-1 
m 
(S 
" S (*-
(4-1 0 0 
° "S c 
§ « § 
.2 , .i2 
2 0 « 
d S ^ 
S ^ -J 
.2 cii u S: 
3 3 | ^ 
C^ _, 4> 05 
0 ts j j >. 
. *-• ~ j o 
?2 " 0 ^ 
«i ca 2 <u 
<u x : ~ • -> •^ ^^ ca 
0 ' ' —1 0 
<- 00«^ § 
C CO . t i •2 c 0 ^§ ° « I 
v3 T ; "^ 0 
•D ca c S: 
0 
c 
2 
ca 
t / j ca 
J .2 
E ca 
( 4 - 1 C 4 - 1 
° ° c 
• a 0 • -
3 •— / ^ 
w -t-J ^ 
CO ca 1— u  3 
ca (« oD 
^ u - 2 
D , 1 CO 
s ^ = 
0 T3 ! 2 
< ; ca ca 
C3N 
ON 
» Pi 
OS ^ 
I 
r-
0^ 
.5 !i) 
•5: -5 
a." "5: 
o 
-a 
o 
so 
< 
vo be 
ON ^ 
in ~ 
h < 
5 ,^ 
CQ 
P 
= < 
so 
5 
-J 
LL! 
60 
c5 
U U i^ '^ 
= 00 ca J 
•g .= ^. 1 
I O ^  
cJ S >-• 
CD 
(N ri rf (y-i 
<N (N (N rj 
C/3 
a 
9i 
E 
s o 
U 
^ U 
£ 
0) 
a: 
0) 
< 
vo 
<N 
O 
c 
1 
u 
s 
o 
CO 
c 
t/1 
• a 
o 
O 
e 
CO 
ca 
s 
o CO 
< 4 _ 
O 
^ 13 
c 
CO 
3 
o 
cd 
o 
1 
u 
o 
CS (ii 
o 
l - l 
o 
IS 
CO 
l - l 
oo 
o 
CO 
s 
o 
o 
l - l 
CO 
c 
CO 
1 
CO. 
l-l 
o 
a 
C M O 
CO 
o 
"S 
to 
l - l 
c 
c 
o 
o 
2 ^ 
Ic 00 
C/3 
3 
13 
u 
c 
o 
1/3 
o 
c 
CO 
' o 
eO 
o 
c 
6 
CO 
CO 
S 
o 
CO 
s 
o 
[/5 
C4-< 
O 
c 
_o 
'^—» 
CO 
t- l 
CO 
a , 
00 
.c 
o 
c 
1 CO 
o 
CO 
e 
o I M CO 
o 
CO 
E 
o 
l-i 
CO 
T 3 
c 
CO 
C/5 
"o 
CO 
O 
c 
1 
CO 
C « 
O 
"3 
o 
C/3 
"o 
o 
13 
o 
c 
• • -4 
S 
CO 
bO u 
. ! -« CO 
3 
o 
S 
c/1 C 
w i-
S X ?? 
. 2 ^ > 
CO O " O 
(U O CO 
r~ 
(N 
O 
- o 
' > 
00 
c 
• w-4 
S 
4 ) 
t/5 
o 
CO 
o 
CO 
."2 
'C 
on 
3 
•T3 
(4-4 
o 
u 
> 
<4-J 
00 
CO 
o 
C! 
< 
U i 
U 
1 
c 
_> 
-4—» 
C 
CO 
3 
(U 
3 
cr 
' S 
o 
CO c 
eo 
o 
•4-^ 
u 
s 
o 
4—» 
'c/3 
c 
u 
' C 
•4-* 
Cfl 
3 
(4-1 
o 
>> 
O \j 
to « 
P o 
S .S 
^ S 
O CO 
oo 
fN 
^ § 
C4-I 
CO i r t 
l i s 
u ^ 1 
- "75 « 
c/j -t-* CO 
•o c u 
w E « 
g ^ « 
.5 13 J5 6 ^ e c3 ^ •"" 
^ <L> (4-1 ^ * - i 
,#, 1 ) U 
•co o b ^ 
U O i * ^ 
0 £ § 
c '-2 
-3 .5 ti 
CO > C 
1 - > (U 
S c> a 
,^ 3 0 
t/5 
CO 
(A 
> 
.s > 
E '^ 
< -o 
• a -t; (4-1 
S C 
2P S? 3 0 > c 
>-• U l3 
- , t i O - -
"o 2 0 
5 ^ ^ 
s s e 
en 
0 
CO 
>- l 
4—» 
4—1 
c 
- 2 
a , 
E 0 
0 
OS 
<N 
CO 
CO 
0 
a 
E 
CO 
0 
'•4—» 
0 
(U 
4-» (U 
Ui 
c2 
0 
E 
u 
3 
0 
3 
2 
u 
T 3 
§ 
• | 
Ui 
< 
"3 
CO 
0 
c 
"E < 
u 
4—» 
0 
C4-1 
0 
4-4 
c/3 
-4-4 
E 
C 0 
3 
4 - * 
C/3 
3 
0 
CO 
"ab 
1 
3 
•4-» 
3 
Xi 
1 
c 
J2 
0 
3 
bO 
CO 
0 
• IB^ 
C/3 
c 0 
'eoQ 
0 ^-' 
E 1 
c i 
.2 a 
M 4-> 
u a> 
x> 
CO 
n <-4 
2 00 
.5 0 
E t3 
CO g .S 2 
13 t> 
0 I -
CO W 
1:5 
00 
I 
o 
CN 
I 
00 
ON 
. -5) 
I > 
k o 
tii) ^ 
60 
Q 
Cu 
J 
U ui 
H c<s 
H > 
e>o o 
3 «) 
QQ 2 
I 
N 
^ J 
Si o 2C 
5 S5 
ON g 
2 CO 
-s: = 
^ N 
^ X" 
I/) <^ 
d d 
^ r^ 00 ON 
f N {Nl (N r^ 
& 
CO 
S 
B 
B 
o 
U 
CQ 
s 
c< 
a> 
** 
"a 
< 
_4» 
o 
f o 
T3 
O 
a 
C/5 
C 
o 
O 
a 
S 
CO 
o 
u 
e 
o 
c 
1 
Q 
(4-1 
0 
c 
0 
00 
3 
^ 
> 
1 
(4-1 
0 
c 
c3 
CO 
a, 
u 
CO 
0 ) 
60 
c 
0 
u 
' 0 
es 
0 t 
0 
CO 
0 
•a 
c a 
a 
3 
j i 
• * — • 
.S 
0 u 
V a 
^ s 
TS 
c CO 
u 
c 
• s i 
3 J3 
x> a, 
i 2 !r5 >~> 
CC —™ T j 
0 y ^ 
.s ^ 
1 s 
CfH . S >> 
•S S o 
S J3 0 >> 
CO -ti t i cj >= •> -^ - t 4> > 0 CO. 
m 
Vi c/) W 
c «« 0 
D , C/J r-i 
w o — 
^ - 0 «( 
• 0 >> — 
C C V-0 •— D 
•5 u 
^ CO 1 
1 §3 
0 • - 0 
y 0 "S 
<^ -" '-S "S 
0 13 0 
U "O 
c c 
• ^ 1 4 
bO 
kM 
'^ c <u 
iT « .5 
•5 -ti - S 
C u< »-i 
Ui CQ 
e 2 .2 
> •§ 2 § 
> 3 S c 
J^ C bH -^ 
U ) 0 0 "O 
( N 
c^ 
3 
u 
C 
CJ 
CO 
0 
0 
CJ 
0 
CO 
"2 
' 0 
0 
C 
• *•< 
E ea 
^*-l 
0 
CO 
c 
c« 
> 
CO 
3 
0 
1 
1-4 
Q 
c 
> 
to 
i-i 
s 
0 CO 
13 
0 
4 . 4 
C j - l 
0 
C 
0 
t-r 
on 
CO 
CO 
ca 
0 . 
_o 
0 
E 
c 
u 
c 
0 
a 
S 
0 
<u 
•4-^ 
'•4-J 
0 
U 
• * - ^ 
CS 
G 
ex 
S 
0 
c 
1 CS 
C*-l 
0 
to 
3 
*-• 
X 
1 
T ) 
U 
0 
e 
3 0 
CO 
ca 
0 
3 
§ 
C 4 - . 
0 
CO 
."2 
' 0 
CCJ 
CO 
c 
CO 
CO 
0 
'J5 
• 0 
3 
3 
• Hi4 
IE 
0 
m 
m 
'5 
- 0 
3 
CO 
3 
0 
3 
e 
C^-l 
0 
CO 
g 
0 
3 
CJ 
3 
(4-1 0 
3 
_o 
"o 
CO 
" 3 
3 
« 
CO 
i - i 
4) 
6 
_o 
3 
3 
C4-I 
0 
3 
0 
-4—* 
_3 
"o 
CO 
(U U i 
s 
m 
0 
C4-> 
0 
CO 
4> 
k> 
3 
. 3 
1 3 
00 
CO 
0 
"55 
• 0 
3 Z 
00 CJ 
.5 -o 
3 
3 «* 
CO ^ 
I-I 3 
"O CO 
CO 
u 
> 
• 5 CO 5 "O 
> •-; 
S3 ^ 
•o 0 
3 
CO C 
3 '^ 
cd C4-1 
• 0 0 
CO ttO 0 0 
3 3 -75 : 3 ^ 
s^ 3 0 £ 4J 
•is 0 u) 
•s ^ I § -
«3 «S ( N . 3 
C4_ "C ( V <^ 5 
° - 3 ' ^ S 60 
g S ^ ^ S 
C 3 r n •— 
.2 45 -—' ^ T3 ~ 0 CO 
3 "^  _*^ p -^t S T3 OH '^ .- 3 
3 3 r-i f o 0 
(U CO ^ ^ I_1J Cd 
o 
-o 
t 
•^ 
o 
o 
00 
00 
r i 
VO 
00 
^ -^  
n 
M 
Cj 
ON 
(NT 
«> 3 1 
1 
N5 
p <3 
• 0 
^ 
t»4 
1 
C 
. 2 
60 
c 
u 
. s 
N 
>-
b" 
a 
^^  
bo 
c 
u 
'—> 
s 
t i ! 
S 
s • av
c5 
cd 
T, 
00 
^ 
- 0 
PS 
>^ 
< 
s 
s 
'e5 
< 
< 
c/T 
r 
w 
>^  
U i 
< 
1 
(N 
^ N 
r^ -' 
Ov 0 
" 
-fer, 
5 
^ 0) 
>» S 
• ^ 
Si 
0 
<5 
0 
0 
a: 
i^ 
•—* 
C5 
^ 
0 
2 
M 
u 
• ^ 
"i* 
0 
- 0 
•A 
O. 
> 
'_^ 
0 
~> 
(A 
E 
ca 
B3 
^ 
- ' 
^ W 
ai 
O — <N r-i 
rn r*-! m m 
9i 
Qi 
(A 
-*• 
c a> E 
E 
o U 
1/1 
£ 
Pi 
a> 
^ 
"« 
< 
"^ 
m 
u 
« 
5 
g 
o 
c 
CO 
c 
72 
o 
O 
G 
' P 
ra 
o 
CO 
t/J 
_>> 
C 
n) 
U 
> 
cd 
3 
a 
O 
'p 
< 
o 
&0 
O 
•4—t 
C3 G 
o 
o 
1 
C 
H 
« 
o 
C3 
3 
u 
C 
c« 
a 
c 
's 
'So 
1 
^ 
CO 
1 ) 
p 
_o 
• o 
o 
c 
1 
C M 
o 
c 
o 
• ^ ^ 
G , 
C/5 
T3 
C 
CCJ 
ftp 
- " 
00 
.S 
3 
CO 
i-i 
u 
c '^ 
C 00 
. 2 c 
C J3 
C X 
>n 
m 
eu O 
•^ o 
t - l 
— o , 
ca 
. is <*-
J= O 
e ' ' ' 
§ ^ 
li 
-!-> 
5 "> 
ca Ui 
JO cfl 
ca Q 
O - n 
.S c 
P « 
'^ ^ c 
s ^ 
.2 t> 
2 "^  
ci C 
Q, O 
1) • r-
e 
J •
H Q 
C/3 
Ui 
P 
5 ^ 
C/5 " " 
•— O 
ca 
J o 
T3 - 2 
Q ^ 
»-, v-i 
C4-I 
p 
0 
CO J3 
•u is 
• 3 a> 
Cj-H 
— 0 
0 C 
• 0 0 . 2 
0 3 
CO 
u X 
a 
-o 
13 
u 
'ob 
_o 
ex 0 
U 
>> 
CO 
ca 
0 
p 
1 
C 
ca 
Q 
VO 
m 
CO 
a 
-4-J 
ca 
a , 
U 
H 
1 ''' 
CO " ^ 
O . g 
=« 8 
0 CO 
.S p p u 
i^  
. 0 
U-i CO 
0 0 
.22 " p 
CO ^ 
"ca 0 
5 CO ca 3 
. ^ 3 
« ca 
••5 - o 
a e 
p 
(U P 
P 0 
1 1 
0 g 
p 
0 
CO 1 > 
P H J 
ca 
u 
> 
••p .S 
• S CO 
3 1 
CO 
0 
e 0 
J3 
1 
TD 
P 
ca 
<u 
_c 
CO 
0 g 
0 
- P 
1 
U 
P 
1 
— 
15 
0 
0 
T3 
C 
ca 
c 
0 
p 
g 
i-i 
C^—1 
CO 
p 
1 
ca 
ca -B 
0 u, 
0 X ) 
t~-
m 
CO 
• 4 — * 
"a, 
U 
H 
X ) 
U i 
0 
CO 
p 
0 
p 
ca 
-P 
cx 
0 
a 
^ K 
1—1 CO 
5« ca 
ca $ ^ 
p >r> 
ca ( N 
1 
> 0 
'S ' 
c ca 
=3 2 
a Q. 
c 
ca 
0 
ex 
I-I 
1 
"^ P 
.2 
'4—» 
.22 S 
CO c 
p ^ 
"" .S 
p 
D ca 
• r j CX 
ta 0 
• - Q , 
•t-i t ~ | 
S ^:£ 
p 1 2 
o § 
::: u 
o (N 
a s t-. 
"t3 1 
V. 
bo 0 
2 1 
5 
i^  2 bo t S -2 
S =-
s 
> 
o 
i/i 
e8 
> 
03" 
> 
o 
CO 
Ci 
g 
I 
CI, 
> 
o 
'35 
C4 
VO o 10 
00 -T 
ON «S 
— c^  
. o 
<, ON 
•^  -J 
s: C 
?* -2 
> > 
::: > 
b 2 
2 Q: 
> < 
u _o 
^ >. 
a- uj CQ 
n 
60 C 
CO 
J = 
N 
N 
60 
4) 
a 
I 
i 
7M U 
Tf in vo r~-
c^ m m fn 
CO 05 
B 
B 
o 
U 
u 
B 
a 
OS 
o 
c 
S 
«j 
o d 
•*: c 
CO - a g I o 3 
^1 
cd a, 
o c 
= • §• 
• ^ TO 
e 
< 
9i 
c 
O 
B 
o 
o 
o c 
I-) as 
00 CJ 
•a o 
c c 
— O • -
rt 
C 
^ 
Uc 
C3 
O 
s 
o 
l-l 
1) 
tn 
^ O, 
f><) 
n 
o 
o 
c S 
ca 
t*-i 
o 
c 
_o 
« CJ 
y3 
•*—» 
u (i> 
3 
-o 
c 
c3 
U 73 
C C 
:=: ea 
2 
«4-, - C - O 
.2 o 
•^^ c S 
a, o '^  u 1/3 O C/5 • -
"o 2 2 
OS 
•S ^ 
o w 
c ^ 
"5. ^ • 
-g .2: S 
"is > CO 
•o -o ^ 
o o "" 
"O ••-
55 4> « 
T3 'o "u 
a> «« M 
. a cd 
O O 
c — 
CO 
u 
c 
CO 
CO •) 
^ o H 
CO . £ > 
(L> 
- -5 ii 
UJ t J CO 
CO 
o 
O 
c 
< 
I 
• 0 
c 
CO 
c 0 
• 4 — * 
cd 
13 
CO 
c" 
0 
>>-^ 
CO 
T3 
0 
cU 
0 
r. 1 
0 
CO 
CO 
>-» 
c3 
W) 
C 
CO 
3 
u 
H 
C4-1 
0 
CO 
C 
1 
c 
c 
N 
T3 
1 0 C 
C3 
0 
Ui 
0 
U 
c 
C3 
>> 0 0 
J3 
1 
0 
l O 
1—H 
CQ 
< ' 
CU 
Q § 6 -5 ^ B 
o 
' 5 t 
CO 
CO 
>% 
CO 
C O 
3 
e 
o 
o 
.c 
' t o 
3 
CO 
"o 
s ^ 
S 5^  
M-i CO 
° a 
CO O 
cd J S 
P S 
CO 
O 
o 
c 
< 
O U O 
— CO 
.S >> 
.s ^ 
o 
CO • " < 
O D, 
•^  s I ^ 
^ 2 S g 
S-5 ii o 
w 
t i ^ « 
J-S 
U </3 
Si 
O CO 
CO CO 
cti Q 3 , o 
( N 
0 0 
1 
—~ 
r^  
• • 
»* Z3 
0^ 
0 
0 
0 
<N 
S 
Js! 
be 0 
Q 
* 
>> 
r^  
e-M 
e. 
"^ 
"a 
•i-
BO 
< 
> 
• 0 
0 
m 
r~ 
1 
r-VO 
<N 
vo' 
T t 
0 ' 
0 
V) 
rs 
0 
CI 
^ 
'^ u {•> 
ca 
:? 
03 
y 
a. 
12 
0 
s ^ 
< c/j 
1 
0 
00 
^H 
" 
r> 
0 
<s 
^ sj 
H 
n 
^ 
bfl 
s: 
0 
^ 
N 
cr 
j i i 
60 
C 
Nl 
_ 1 
nri r-
C8 
a: 
. #s 
OS 
Q 
S 
> 
c 
H 
f-' 
^ 
Iff 
^^ 
0 
0 
. 
^ 
0 
2 
^^  i« 
-5-
L) 
** 
0 
05 
CS 
< 
S 
3 
CQ 
Q a: 
00 o o — 
m ro •^ "^ 
V ] 
e 
« 
E 
S 
02 
(N 
o .S 
I 
.s « 
s.s 
« £ 
i I 
CO C 
§ & 
« • -
"5 + 
+ 
.2 " j c 
a , C3 3 
« ,T< £ 
t« g S S? S »-> c o 
"5 — "p 
ra -^ ^ ^ 
3 CO CO 
s 
<a 
• a 
o 
ca 
o 
c 
en 
C 
o 
-5 
3 
C 
U 
c 
o 
o. 
_ E i; o 
to o 
I 1 
CO 
O 
c 
c 
u 
c 
o 
_ D , 
i-i C 
3 — 
O 
4> 
u 
CO 
( 
c 
u 
N 
c 
u 
X ) 
I 
c 
o 
« 
c 
c 
o 
D . . 
1.2 
V 2 
(L) M 
3 - C l-i 
CO ^ 5 
.•2^ ? y « s 
o ^ .2 
>» CO 
G ^ - 3 
° 3 
'4_> cQ 3 
S "^  3i 
is "3 o 
4> ^ - r - 3 
C/0 CO ^ S 
U CQ 
1-1 T ; 
v j ^ ^ d 
H . 3 . 3 
c 
c3 
bO o 60 O 
2 « 
H "a, 
T 3 CO 
Srt t o 
• - CM 
— o 
c c 
3 •-» 
'^^y CQ 
CO 
."2 
CO 
O 
3 
CO - 2 
CO ^ 
o 
P3 
o P 
S o g c 
.•3 3 
CO O 
-w o -r 
3 
O 
CO 
-^ 
'o 
P3 
O 
3 
O 
u 
1 
,o 
CO 
C3 
J : 
o. 
o 
x: 
• * - * 
CO 
CO 
CO 4-> 
3 CO 
CO c3 
cO "3 
oi 
CO 
"o 
CO 
O 
3 
"i 
< 
.s '^ 
00 3 
CO O 
. 2 '55 
3 
e 
o 
U i 
o 
o 
- 3 
3 
O 
iO 
-o 
CO 
o 
3 
CO 
I 
2 S 
o o 
.2 i i 
> CO 
CO 
X) CQ 
.2 OQ « 
eo H 3 §)^ -
3 .2 ^ G to 
2 =* 
" S " 
H i2 -o 
o, 
o 
O 
3 
O CO g 
O 
•g :2 
1 ) 50 
— o 
3 3 
H CO 
^ 0) 
• ^ CO 
o 
00 3 
3 «= 
•Jo <^ 
3 •£ 
CO 
CO 
<U 
CO - s 
*-• X 
00 c2 
3 3 
- 3 CO 
' J 
CO 
."2 
O 
« .5 
^ £ 
H CO 
> 1.^ ^4-1 
> u o 
^ ^ c o 
— 1 CO 
CO 
3 CO 
IS <= 
CO 
o o 
3 :£ 
a, 
3 I-" 
5^5 
sp:2 OJ O c j c3 a , to «» 
:3 -2 £ o 
U " o .£ 
O CO 
CO ^ 
.2 ° 
*^ " 3 
3 £ 
- a <fl 
(U 
•fc 3 
CO 2> 
O _ 3 
CO " S 
CO -^  
^ CO » o 
^ CO O 12 cS ^ 
o 
CO 00 0^ 
o c ^ 
3 -55 2 
£ ^c: 
CO > , . . 
<4-, JS T . 
O 0 , 0 
<-N CO s , ^ 
O 00 ''• 
•s o 3-
2 « Z 
CO G _ 1 , 
W 2 3 
0) H 
>% T 
CO -^ 
3 
eo 
3 
. 2 ^ 0 
:§ 3 g 
O -3 DJ 
.22 •£ O 
O O. 
J3 U O 
H 0 0 . 2 
00 
"o 
03 
o 
3 
< 
c 2 ^ 
CO 
00 2 
O . 3 
•o £ 
• O CO 
O (4-1 
£ .2 
£ '^ 
. 3 3 
00 CX 
0 0 
OS 
o 
o 
IT ) 
<*> 
O 
O 
i i: 
O 
O 
§ I 
p 
so 
5j 
p 
- O 5 6 
r'^  .ii 2 2 5 Ov ~ 
i i s *^  ._• 
" 5 LTl 00 00 O «3 CN = 
<J U S 
« C/5 OO 
CQ CQ CQ 
& § = 
5 UJ 
< 
P 
P 
o 
C/3 00 
i>3 
>< 
X 3 •-
t/i 
CO 
O 
E P 
u C 
OO 00 
q d 
OO 00 
UJ 
( N r ' l T ^ 
• * ' ^ T t 
oo 
;-'• o 
d < 
t~- oo Ov 
• * • * - ^ 
n 
I 
1—< 
OS 
0\ 
1—< 
M 
Q 
V 
s 
L I 
a> 
•* -< 
cd 
> 
h< 
w 
Q 
k i 
• M l 
V 
S! 
V3 
s 
•3 
3 
!/) 
U 
H 
a 
o 
im 
3 
L. 
H 
QES 
B 
o 
s 
T5 
C 
O 
O 
E 
B 
I 
o g 
C 3 
CO O 
c« 3 
.2 ^ 
= : cd 
ej i-i 
O 1> i j s-» » * 
2 
«2 
U 
u o 3 
CO 
If 
- M I-I 
<U (U 
60 > , . 
»« «^ ^ 
s - s 
c 
1/5 1 ) 
i > 
2 "^ 
S> i_ 
(N 
CO 3 
x: o 
(U ?• 
pf 
•3 « to 
O ^ 03 
OS 
•S-2 
« a 
B = 
^ CO 
•a a 
^ S CO 
J2 C4 t-i 
<L> (U 
00 t S 
a 
2 c 
"o . ^ 
• 3 u 
O , 0 , 
c -3 
.2 -o 
2 § 
n, Ji; 
Oj O 
CO N 
U X ) 
HI—' rt o 
CO 
C 
"s 
CCJ 
C 
m 
S T 3 
3 U 
il 
O ^ 
s — 
3 J^  5 p 
IM D 
U CQ 2 
C CO c4 
.2 ^ 60 
O , 3 
2 
3 
O 
w 
C (U 
• - - CO 
P O 
•- I " ^ 
2i — 
S ^ S 
«j -5 > 
§ P ° 
2 C CO 
2 ^ - 3 
T3 
8 
ed 
CO 
CO 
o 
cSJ 
CO 
3 
O 
<u 
c 
3 
5 
§ 
i 1 
I 
c 
o 
g 
o 
CO 
O 
2 2 ^ CO 
O cj C 
O ••=- 1) 
_ , JD 60 
o ;S «« 
P D , 60 
2 o c 
(U 
CO 
u 
p 
• p 
cd 
S-i 
> 
t: 
X i 
O 
x: 
o 
• ^ O CO 
« P P 
•S .2 o 
2 i * CO 
cd I - 3 
« T3 o 
0 <u « C 52 3 
. 3 ™ CT u s ; 
c h 
Cd o j 3 
. ^ C ••-' 
* - (U CO 
> -*-• u 
^ e >> 
^ -3 J2 
c« ^ (U 
c« " 3 ."P 
• " S i ! 
1 -^ 
^ cd ^ 
H O D , 
o 
cx 
2 
60 
O 
• • - • 
cd (U s — 
s: p 
i2 o 
cd izi 1^ 
-r 5 « cS cd 
p x; D, H So -o 
C CO 
11 
P CU 
0) •-< 
h-i "cd 
P 
o 
>> 
U i 
60 
O . 
td > 
P aj 
2 ^ 
i >^  
C ed 
o x: 
• • 3 & 
Cd : 3 
D , U CO 
U P <L> 
"S to 
O C4_ 
3 O 
P 
cd 
CO . a 
^ S Cd 
£ S2 p 
. ^ cd ui 
CO X I 73 
3 O _ . 
CN 
I 
o 
so 
CJ\ 
<N 
c> 
m 
•>» 
r 
— 
cl^  
Cj 
>^  K 
• > • 
1 
o 
1 
S-
••••• 
V J 
o 
1« 
d. 
03 
U 
u CQ 
II' 
» 2 
U 
:5 ^ 
1 , 
I I 
< 
C/5 
P 
"•? 
- a 
CO 
< 
r~i —i 
PI .y 
<N > 
^ O 
« o 
- < ^ J 
- OS < I 
i 
S. "> 5r o Co ^ 
d If" 
3 
2 -J 
< H 
2 
Q 
IT 
— f N m - ^ 
to 
9i 
e 
< 
s o 
t-i 
C4 
H CO 
Q 
<U 
I 
c o 
CO (U 
G 
§ 
ca oj 
O 6 
P C4 
o 
CO 
s o l-c CO 
(Vt 
U i (U 
> 
C/3 
M 
a> c 
e« 
c 
cr c 
'2 "^  
" 3 .£ 
o 5> CO 
CO "3 w 3 CO 
Z -5 o 
c 
•g 
CO 
c 
O 
•o o 
CO 
V3 
c 
s 
00 O 
•-< c 
a, 60 
CO O 
0) 
IS -c -3 
c «>o.> 
O O trt 
.is +-• CO 
<>5 3 !3 C S o 
:§ J- o 
T3 O O 
0 0 
H 
CO ^ 
y oo 
.£ "^ 
CO ^ 
c/l C 
o ^ 
O (U 
"3 ^ ^ 
o >-> 
c ^ 
£ CO 
2 •£ 
1'^ 
o o 
t= "•§ 
% •-
l i t / 5 
CO > (U 
5/3 TJ D, 
£ CO 
'£ t 
U4 
^ CO 
S i2 
« o 
3 O 
o a 
b CO 
eO t o 
IS 
o 
CO ^ 
ON 
= C S 
^ '" to S, 
N 00 
•z: co^ 
CO P 
> '-' 
•S ^ =« 
(€ CO 
CO S 
CO i 2 
^1 
y O 
c/5 jtJ 
"3 
O 
C 
£ 
CO 
H 
( M 
O 
c 
o 
•4—* 
CO 
c 
a> T? 
• ^ ^ T3 
§ 
CO 
CO 
4> 
O 
£ 
ro 
6 
o 
^ 
CO 
1) 
^ 
cO 
> 
U "* c/i 
•-J C! "o 
o 
c o 
eO 
CO 
(^ H tu 
•i3 ^ TJ 
< -O 60 
CO . -
.£ -n 
a, <= 
vs; CO Q .ti 
CO 
to 
" y 
£ ° 
o g 
.2 £. 
N I - , 
CO O 
!3 ex, 
c 
CO 
l - l 
(U 
N 
; s CO 
CO CO 
c« . > 
C <U 
• - - o 
CO 4> 
^ CO 
•^ = 
Br CO 
00 
I 
vo I— 
00 >£} 
L " 
•<^ \ 0 
00 Tt 
«W (^ 
fS ON 
ON — 
i n 
bo -3 
O . 3 
5 ? 
O rO 
IT) t-^ 
m 
>n 
oo" 
00 
• < ^ ' 
ON 
5 S; K ^ 
1^  II 
a. 
be 
2 I S 
o 
a 
i . i"!.5^ 
-= = u 
ea 
' - s — 
t/i 
ca 
.,. o 
00 C 
.= i 
Q 2 2 
?fa: u 
•^ 7 , [2 
^ z 
Q- X O 
Z Q UJ 
v-i vo r- oo o^  
s 
< 
cS 
O 
«-i 
CO 
c 
( U CO 
"C .S 
o 
G 
O 
2 
D , u 
CO 
-^ .Si 
« J5 
^ C^ 
c 
CO 
3 
CO 
(U 
C 
OH S 
o cii 
o 
^ 
(U 
B 
o CO 
C 
CO 
f > 
"1 
3 
CO 
5 X 
CO ( U 
a> u C O x ^ 
3 ea fa 
o« o 1? 
•o o 
13 lU O 
g or D, 
-l-i )-l g 
{ N 
CO 
(U 
C 
CO 
o 
'S 
o 
o 
c 
o 
• 1 - ^ 
•*—» 
c 
U 
H 
CM 
( M 
o 
3 
o 
cd 
3 O .  — 
^ -s s ^ -s <u 
3 
o 
3 „ (U U 
CO 
(U 
3 
1 
o 
• 3 
3 .2 
00 JO 
a,-o 
> r 
Q <B 
O "5 
"s 
<u bH 
o 
m 
(U 
l-l 
3 
CO 
3 
(U 
0 
to 
f^ 
C M 
0 
3 
0 
ca 
3 
s 
CO 
X 
T3 
3 
(Tl 
0 
CO 
' c o 
ri 
fD 
> 
• » - > 
ca 
•t-> 
c<3 
3 
a 
u 
r 
• - • 
CO 
B 
0 
1 
C M 
c 
J J 
3 
3 
^ 
3 
cd 
CO 
3 
a> 
3 
r/l 
-1 
CO 
C M 
0 
CO 
3 
0 
> 
C M 
0 
k> 
0 
u c« 
3 
0 
-frrf 
CO 
•4-J 
3 
0 
CO (U 
3 
e 
ca 
C M 
0 
3 
B 
, 3 
«^  
3 
CD 
1 
(L* 
3 
C3 
•J 
^ ^ 
0 
00 
u 
'co 
r-
0 
u 
61) 
u 
'(A 
60 
3 
CO 
3 
^ CO 
3 
's 
C3 
« 
y ; 
fO 
0 
CO 
3 
0 
Ui 
CO 
> 
C M 
CO 
3 
3 
0 
CO 
CO 
3 
0 
3 
C3 
P 
• * - » 
CO 
CO 
• ^ 
+ 
4> 
3 
4> 
N 
3 
3 
U 
> 
CO 
CO 
3 I 
CO 
CO 
6 
o 
CO 
CM 
O 
u, 
3 
O 
'> 
CO 
x: 
x> 
3 
O 
• ^ - » 
& 
O 
00 
CO 
o 
u 
CO 
3 
60 (U 
e 
3 
O CO 
3 . ^ 
CO 60 
0 
t~~ 
1 
0 
0 
^H 
c> 
0 
cj 
^ 
-5: 
U 
:^  5 
•S 
"^  
S 
erf 
t - l . 
3 
0 
C/) 
r ; 
CO 
0 
0 
r«l 
>rv 
0 
(^  O N 
" 
^^  
^ 
^ 
• ^ 
U 
0 . 
0 
> 
Z 
e 3 
0 
00 
^ 
< 
ca 
.:^  
S 
h-
1 
ro 
^ 
f O 
T T 
i n 
0 
0 
^ 
s 
• • ^ 
^) 
r\ 
r i 
c^ 
cj 
tc 
X 
S 
J D 
_ca 
of 
< 
. ^ 
f/l 
< 
^ 
< 
^ 3 
60 
7 , 
m 
0 0 
1 
0 0 
r^ 
• • 
f ) 
f » 
* 
ON 
ON 
~^" 
. 
^ 
'5 
^ 
L I 
'S 
< 
C/) 
. .-
CIS 
• ^ 
^ 
• n 
C3 
E 
E 
0 
^ 
cd S :^  < 
O — r-4 r"-! 
0 0 
9i 
o 
c ^ 
o 
c 
e 
s 
E 
o 
U 
u 
s 
02 
s 
E 
o 
+ 
GO 
o 
o 
?i 3 
to 
a, 
<u 
CO 
c 
c 
o 
c 
T3 
1) . 
n 
*x - 4 - 1 
on o 
O ea 
o 
o 
a 
c3 
o Uc 
a 
CO 
u 
> 
00 
CO 
d 
P. 
cd 
<u 
>n 
> c 
2 o 
•« ":H 3 O O" ea 
•c « 
•C JC 
S « 
.S o 
CO 
•-S =! 
s ^ 
I e . 
"u- O CO 
^ s § 
o . 2 l 
S o 
u | : ! 
M CO CO 
ca . 
S CO 
?s 
. 2 ca 
g g 
^ 2 
H ca 
^ 
to 
u 
*-* 
ca 
o . 
U 
- J 
c 
o 
CO 
c 
• p 
3 
o 
60 
C t^ 
» C 
.s> ^ 
o c 
ca lu 
o 
c 
o 
• • - ^ 
u 
4> 
V CO 
3 
(l> 
x: 
- t ^ 
« Q ^ 
CO 
C 
ca 
t-i 
> 
u 
on 
.Si ^ 
%^ 
ca u 
o -S 
IS 
ca 
c 
o 
Q ca 
BO 
O 
' 4 — ' 
s 
o b< 
o 
t 3 
C 
ca CO 
(U 
3 
CO 
^.^ 
ca o 
ca 
t-, 60 
O 
^^  
ea E 
o 
u 
o 
c 
' S 
ca 
o 
c 
o 
to 
Ui 
(U 
P 
o 
CO 
C4-C 
o 
C 
_o 
c 
•p -d 
Q E 
o ^ 
to rp 
« S 
S 2 
o -fa 
oo 
.a n 
ca 60 E ?? 
X -o 
'T^  E 
V 
ca 
•§ I 
1^ ca 
V ca 
« E 
•^  2 
CM 
K P 
o E 
ta « 
E . H 
u ea 
"^ ea 
•P S 
-P 'C 
ca 
o, 
CO 
O 
J= 
Q , 
O 
T3 
^ 
"o -
E O 
i\ 
3 00 
C -P 
o g 
' N "35 
I 
v i _ 
ON K> 
:^ vo" 
- ON 
C/) 
C3 - 5 
. </> 
; - O 
is 
o 
r-
I o 
so 
ra 
0 0 Ifi 
<N -
r j _ 
>n .'• 
oo ^ 
ON »; 
Ov :5 
"^  I 
•S 2 
S LT 
Q. ss 
s-s.^-ir;-s 00 00 
2 •-
< Q D Qi Q 
Tt un vo r- oo 
9i 
Pi 
S 
s 
E 
o 
U 
La 
B 
a> 
Di 
9i 
ON 
- « (U 
Q bo a, rt 
u 
CM 
CO 
0 ) 
C 
> 
o 
O 
VI 
u 
C 
c« C fc 
o p S-^ h 3 O 
o 
c 
• < - • 
c 
« — • - ^ 
s 
o 
CO 
o 
CO 
o 
CO O 
.S c 
°^ 
CO M 
^ ^ 
o 
c 
o 
• * i ^ 
•4—» 
S2 
a , 
CO 
> 
• »-< 
• • -» a 
3 
a 
o 32 
.22 -
f S 
.S -o 
"^  S 
o ^ 
fc: -
o <u 
u bO 
a 
CO 
u 
C 
C3 
*-> 
a. 
J3 
DQ 
< 
H 
O 
t i 
o 
CO 
Q 
o 
c 
52 ed 
C t i 
o 2 
o 
ca 
s 
o 
C/J 
l - i CO 
<U (U 
e .s 
c« S 
)—^ CO 
ca 
C 
o 2. 
.2 o 
> CO 
CO ( U 
x: c 3^  "S j=> E c « o ,o 
ed CO 
2 c3 
^ 3 
o 
T3 
d) 
D , 
O 
•T3 — 
(N 
.Si ^ 
O wj 
k. c4 
c^ D, k-
c 
o CO 
1) 
+ 
^ > ^ > 
s< P w 
CQ iM zS 
"^  S "S 
. . cd 0) 
J 13 '^^ 
c t« <s 
•-3 .-r c: 
*w to cd 
« c a> 
CI- o x : 
S <" + 
CO p T ^ 
C C " o 
O jO c 
!=; CI, p O is 
^ CO C X 
"O ca o 
< ^ .2 
« 
5 
C3 
U C 
^ S on ca 
<N (N 
CO 
C 
£ 
C/5 
3 
C3 
> 
0 TJ 
1 b 
c 
£ 
o 
o 
Cu 
2 
^ CO 
Q Xi 
o 
c 
u 
cx 
o 
c 
CO 
c 
£ . > 
CO 
> 
> 
ca 
o 
S-i 
(U 00 e 
. 2 - ^ 
X5 -O 
(4-1 C 
O <3 
CO . S 
"3 "^  
c ^ 
U 
OH 
X 
u 
£ 
o 
c 
C3 
73 
C 
f3 
c 
1 
.i2 S 
-c O 
• ^ £ 
CO 
o c 
• - a> 
O 60 
(4-1 
o 
CO 
c 
£ 
cd 
• wH 
C (L> 
60 
O 
CD 
CO 
u 
C 
£ 
CO 
CO 
£ 
o 
VI 
o 
e t: 
O 1) 
. X 4 - ' 
"eo "O 
« « 
H So X2^ 
o 
r i 
<2 
o 
I 
m 
0 0 
. « ^ ' 
CM 2 ^ 
ON — 
22 S 
^ bo 
» c 
0 0 %> 
-5: 5 
I'M. 
§ ^ 
| u i 
§ "S 
^ i 
eg Q 
N S 
> < 
I-
a, 
O 
o 
o 
o 
I 
b o d 
s ^ 
^ § 
<u 
N 
O 
. 2 
> x =: 
N •= 
oa CO 
< - O 
CTv O — OJ m 
— < N f N f N r j 
u 
cc 
s 
s 
E 
o 
U 
£ 
(N 
u u 
at 
C3 
c 
o 
•o 
c •£ 
.2 X 
CI. u 
B 
V 
u 
c 
£ 
U 
« 
E 
o 
S I « .5 
c o 
2 c 
o 2 
u 
• o 
E 2 
O rt 
«i: E 
, 4> O 
S ' E 
c « 
s | 
CO T3 
6>fi e s 
.S •-
3 en 
c/} C 
U O 
. S CO 
E E 
c« a 
•4—» 
O C/3 
S (U 
P e3 
3 S 
.2 c 
•5 ° 
CO o 
.£P c 
E i2 
o c2 
O crt 
"5 «-> 
CO • - < C C . 
"E -2 O 
ea c — 
X O (U 
W C 60 
(U 
c 
• p 
CO 
o 
CO 
E 
o 
o « 
••C . 5 
e>o CO 
O CO 
•c E 
o o 
CO 3 
00 O 
"^  'E 
(1) 03 
> J=! 
C 4^  
C — 
C X) 
•= ? 
g ^ 
eo 
00 c 
.3 c 
C« . 3 3 W 
« 5 
•53 C2 
^ ' - I 
S 3 
O CO 
c 
w 
3 
CO 
X 
% 
, . 
CO 
a> CO 
CO 
J3 DL, 
CO 
Qu 
CO 
73 
U 
• 4 — • 
CO 
'w 
CO 
CO 
C O *• 
l - l 
1) "O 
E «=! 
o «» 
C4-1 C 
O K) 
CO +-> 
^ E 
C4-C ^ 
•T3 
cq (u 
3 CO 
CO 2 • 
CO - S 
^ «=^  
U i i 
o . > o 
5fl CO - ^ 
s s + 
CO o r i , 
Cli 3 (U 
« "^  g 
•^ o M 
c^  ^ 2 
-a 
o 
N 
CO 
u 
c 
1 
CO CO 
> 
uE 
o 
c/3 .S2 
c 
"E 
CO 
•o 
•n u 
c E 
CO C 
.2 £ 
I0 o 
s,.i 
CO 2 
- ' d 
A . -l-i 
U U CO 
3 
O 
febcS ^ 
o 
p D-i ^ 
CJ U 
o « ^ 
IS E -P 
•2 S CO 
*-> * J "+-1 
i ^ 
u J : 
• * - » 
o . 
• ^ CO 
«J ^ 
C "O 
2 o 
c*-i CO 
2 c 
x: © 
.ti c 
CO 
S c eo 
O W 
.22 O 
3 CO 
CO C 
<U 
C I 
o u 
3 CO 
CO « 
« -o 
CO 
CO 
1) 
3 ST 
'S 
u 
CO 
&, 
E o o 
CO (U 
c 
CO 
c 
00 
O 
O 3 
CO O 
C CO 
CO O 
CO 
(U 
c 
E 
CO 
CJ 
c 
u 
00 
o 
5 
0 0 
0 0 
o o o 
CJ 
o ^ 
- <N 
O —' 
o o >/-l 
<N 
1 
<N 
» 
0 
0 <N 
CM 
•^ ' 
1 
1 
Kv 
0 
CN 
er-
• • » • • 
5 
5 •53 
2 «3 
^5 
> 
< > 
CQ 
> 
3 
E 
3 
> 
•O T3 
CQ CQ 
E E 
E E 
CO CO 
o o 
2 s 
CO eo 
< < s on 
rr m vo r-
CN CN CN r j 
Pi 
u •a 
00 
<N 
ON 
§ 
c 
o 
'•>-> 
a 
o 
<-• 
01 
• * - * 
c (U 
^ 
J2 
"a, 
IS bO 
o 
o 
S ^ 
o 
o o 
J2 — 
ro 
60 CO 
.a o 
C r-i 
o 
03 
00 ON O "^ fN 
<N <N r^ r n m 
CM 
• * o 
o 
1 
»H 
9\ 
»-( 
ex> 
e 
S 
a 
V 
E 
S 
o U 
:^ 
b 
R 
E V 
tf 
s 
u 
a 
u 
a 
PH (/) 
B 
O 
a 
"O 
B 
a 
B 
O 
'B 
< 
(A 
•5 
B 
U 
B 
C 
u 
S 
13 
u 
V ) 
JQ 
H 
w 
O 
c 
e 
CO 
I 
C 
o 
Vi 
c 
o 
B 
CO 
&1) 
l - r 
O 
(4-1 
o 
B 
O 
CO 
a, 
u 
+ 
o 
00 
B 
CO 
i 
o 
o 
O t« 
^ E 
H I D 5 ' ^ S 
^ ? e 
« O E CO 
.r: o o 
« ^ E 
5^13 E 
O' o CO 
C 
o 
e .Si 
'^ CO 
> i 60 
t: ^ 
§ . E 
Vi 4> 
E </j 
O 0_ 
'E U 
CO O 
0 0 ~ 
o ^ 
£ E 
O o 
U . S 
H CO 
2 
. ^ 
••21 
CO a> 
•4—) 
T3 .CO 
E '^ 
CJ 3 
•O '^ 
•5 E 
" *E 
a E 
"3 I 
C/] CO 
( N 
o 13 
CO J i O 
• S ^ ^ £ 
> ^ ^ .2 
E <U S 5 o o E E g 
£ £ § 
O CO «3 
t+H ^ + 
'~^ >^ — 
> 2 ^ 
cvi X E 
, * O CO 
t4.H U, 
§ - ? « 
CI, xJ -^ 
on 4> ^ 
4) "O O . 
> -< t/5 to 
•5 § ^ E 
« CO ^ i i 
— C — M 
C/5 . i i O CO 
CO 
c 
_o 
u 
'E 
CO 
00 
o 
E 
B 
CO 
60 
k. 
O 
E 
O 
>>'»^ J , 
-E o ;H 
o 
E 
CO 
o 
o 
^ . 2 
S ^ 5 
CO • £ 
O "O 
E § 
£ CO 
£ E 
U . S 
iI^ E 
Q , CO 
2 4> 
o « 
2 '^ 
.S E 
•a .2 
E E 
CO O 
•O E 
•o E 
CO CO 
rn 
60 "S 
.S "=* 
E CO 
•4..* — 
§ -
o B 
CO O 
B 
3 
•4.J 
X - ' 
is 
IS 
>- E N o 
§.s 
•2 ««' 
« s 
U i CO 
CO *-• 
C l i CO 
tt> O 
CO . — 
+-> 
U CO 
:Sc:: 
6 ^ 
o ^ 
U N 
6 0 
E 
<=! 2 
2 | 
o g 
C/3 CO 
in? O 
"^ o 
DC to 
^ o 
O I0 
hC E 
*- B 
C 4 - 1 
E 
B 
CO 
>-i 
N 
•Ht^ E 
x: o 3 
«" S S 
6b-2 2 
o to-« 
2 «» E £ E, g 
J 5 T3 ^ 
t - i CO 
.E u .S 
H XI N 
£ 
3 
'E 
o 
^ . 2 
—, t a 
CO a 
<j £ 
B j ^ 
.£ o 
60 ^ 
CO flj 
B H 
o j a 
to 
B 
O 
CO S ^ 
• • x : 
(U 
i^ E 
>c2 
^i E 
C4-H CJ 
to u 
.— to 
—, w 
CO . E 
(U E 
>-. 
" to 
"S T3 43 
E *"* 
E CO • > 
. 2 <u . 
.4-< CO 
CO O 
CO 3 
C/3 O 
0) 
o 
CXI 
CO 
£ 
> S 
0 : 2 
>. £ 
x : <« 
cx-£ 
UM to 
6 0 W 
CO U 
£ = 
O CO 
lU 
J3 
v-i to 
u E 
>^ O 
J2 
E • « 
".E « 
H £ 
o 
CM 
u 
4> 
"3 
E 
I -
a 
00 
I 
00 
I 
00 
<N 
U^ J. 
t^ 00 
- (N 
Is 
en 
. O o 
2 -O -5 . 
^5 
> 2>^ a. 
c>£ U 
E E 
W5 
.E ? 
00 .y 
... " > 
<N r^ •^ 
<o 
s 
E 
E 
o 
E 
s 
O I-1H 
c 
U 
a- • 
on '-' 
O 0) 
3.-H 
c 
60 
t-i 
O 
c 
o 
c 
o 
S" " 2 
« N S 
:z (u .2 
eg ^ C 
.t; o o 
c 
c 
^ IS 
u. .5 
c 
o 
VO 
J2 
^ - X 
- o 
" o a 
I-u 
1/3 
c 
o 
• - o c 
i-i 
r. M-" c 
4= O T3 
S3 O . * -
O o 
OJ O 
3 O 
•a 
u 
•4-J 
C3 
O 
CB Gfl 60««5 CO 60 
> _C 
60 ; _ 
H .S 
4> ._. 
O O-
z i - ^ 
o • p ^ 
u 
60 
i-i 
o 
c 
«4-l 
o 
U 
1-1 
H 
O 
3 
~ U 
o 
>^  
N 
C 
JD 
O 
c 
f= CO 
O 4> 
o o 
-S2 
^ O 
O to C5 
— , 0) 
> 12 «s 
"O CO a , 
•o 
•>r 
^ 
+ 
<o 
>-
X) 
H 
•a 
O 
3 
N 
> 
.^ 
H . 
- J 3 U W >- H 
c S 
cr 
"c 
o 
o 
Ui 
o 
c 
' N 
c 
o 
c 
^ "ti 
u •-« 
c/3 C 
> I 
• — 3 
• 4 - * - ^ ^ 
ca c 
•2 o 
"rt 6 
0 0 
1/3 
•4—* 
O CO 
CJ CO 
- I 
X o 
o 
o ^ 
t>6 
*^—^  3 
O «« 
3 - 3 
O " ^ 
3 d 
3 
O 
C/3 
3 
CO 
13 0) 
«4-( " O 
o •:-
60 
3 
CO 
o 
<u 
3 
O 
c/o 
3 
O 
O 
C/3 
B 
o 
*-• 
cU 
3 
O . 
C/3 
3 
O ^ 
"S «« 
™ c« 
a "o 
CLi 3 
10 rt 
u 
C/3 
CO 
Xi cd 
cd • 3 
C CO 
cd 
3 
s 
(U cd 
3 
C3 
>^ 
u 
O 
0\ 
2 « 
^ CO 
C M <+-I 
O O 
3 
O 
3 
O 
3 
CO 
60 
*-• O 
O 3 
3 • -
3 '^ 
<S ® I^  >> 
3 - ^ 
C/5 CO 
CO g 
(U O 
•<- ; V - CO 
.2 >% <u 
Q i2 13 
CO 
•S P "3 
J 3 CO CO 
• • - " C O •-
^ CO 5 
^ S O 
<=! « « 
G \-t ^ 
.2 Jo 5 
CO , 2 O 
«^ 3 « 3 
c« g* § 
> ^'5 
•- o 2 •*->••-> rr 
CO CO 
3 
CO 
t o 
O 
IS 
o 
• 3 
3 
CO 
t> 
3 
O 
4> 
CO 
CO 
2 s 
8 
3 2 g 
a-g 8 
o 
J 3 
60 
u 60 
. < 
d •« 
U 3 
52 
' t - H CO 
O w 
^ • 3 
2 « 
3 « 
3 -^ s 
22 
" 3 
•-' O 
CO 3 
— O 
H 6 u 
c> 
I 
^ 
o 
J 
o 
C 
C/5 
I 
m 
in 
m 
r-
0 0 
OS 
.1 
ft 
1 
I 
I 
1 
c^ 
5 o 
C/3 
o 
T3 
C 
CO 
c 
C/3 
> 
d 
c" 
> 
o 
u 
c 
u 
« 
d 
00 
(N 
I 
OS 
j ~ OS 
I 
> i ^ 
> 
o 
4-> 
CO 
a. 
O 
ui 
o 
c 
_w 
3 
CQ 
> 
o 
C/2 
C3 
u 
CO 
C/2 
CO 
o 
o 
O 
5 '^  
> o 
CO 
b 
CO 
C L 
CO 
o 
ui 
00 
o 
so 00 Os 
Pi 
a 
E 
S 
o 
U 
:^ 
E 
e 
O 
(50 
CO 
o 
H 
Q ^ 
X 
0) 
c 
CO . ^ 
C 
o 
c« 
> 
S 52 
> .o 
•o fa 
CO c 
u u 
J2 £ 
u » 
c rt a> 
o c .£ 
•;= & 0 * ^ 
CO O "O 
O • - O 
o _ ^ 
< tiO + 
c u 
u 
c 
eS 
C 
• * - » 
X ! 
O 
O 
^^  c;J 
• 4 - * 
4> 
E 
c 
_o 
CO 
C 
CO 
CO 
u 
CO CJ 
JS 
&< 
(U 
• * l ^ 
X ) 
O 
s ^
 O" 
CO 
3 ^ 
CO " ^ 
> ^ 
CS rt 
.ti CO 
3 IS 
a o 
CS 
X C 
. 5 <a 
o CO v L , 
C O rt 
td 
too 
5 £^,5 
N fe N - «! 
.^ -o 5 cd d 
2 U < H U 
>^ —-
O — 
CO t o 
E -o 
o «i 
.2 fe, 
c E 
o — 
IS 
U Q 
E 
3 
C 
I4-C O 
o a -
.S "O _^^  
CO S "eS 
U 0) " 
, , CO cS 
c: c o 
^ -3 .ti 
2 E 
J2 o c: ed 
cd 
C CO 
11 
CO — 
2 | 
H E 
CO 
ed J 2 , 
^ . 2 E 
« ^ 2 
o « 12 
. t ; CO <u, 
O > _w 
C ed .C 
•*3 . ^ 45 
U t 3 . 5 
• 0 
• ^ ^ 
T3 
c 
ed 
C 
_o 
• * - » 
cd 
ed 
0 , 
(U 
C/3 
CO 
C 
a> 
00 
ed 
C 
_o 
- 4 - * 
0 
1> 
• 4 - * 
u 
TJ 
(U 
0 
c 0 
0 
+ 
u 
c 0 
y 
cd 
ro 
CO 
3 
O 
>^  
J : 
c cd 
c 
0 
CO 
C 
0 
• v ^ 
c ed 
C 4 - 1 
\ j 
0 
cd 
0 
c 
ed 60 
< - i 
0 
, KT 
ed 
( -1 
o -^ 
c ^ 
O to 
•^ i i cd ^ 
Cd ' x 
a, o 
« « > 
s§ 
ex rt 
CO 
c 
o 
C ed 
0 o 
1 2 
>^  S 
5^  ^ 
H . E 
C4-I 
o 
c 
o 
"cd 
o 
• f ^ 
•4-» 
c 
u 
JO 
^ U 
c J 
ed ( _ 
.2 X) 
CO 
C 
cd O 
<U ed 
00 O 
ed 
CO 
C 
'S 
ed 
C 
u 
c 
> 
00 
CO 
(U 
• < - > 
cd 
-o > 
C ^ 
'J cd - o 
a c — 
cd O "^ 
k l ' 2 CO 
w) S :;; 
J2 >< ^ S o •> 
o I- i> 
x : J : „ 
:S E -
c ,»- 1 J 
O ' ^ bO 
CO « ed 
"^  3 -2 
S . - l CO 
•^  i> 5 
(U O ^ 
2 o 
J3 
(4-1 
o 
.4> cd C 
fa a 55 
t U CO U 
C C 
O _U 
CO ed 
U > 
^ >^  
3 O 
CO • - ^ 
(4-1 
.2 o 
J= to 
cd " O 
00 X 
O O 
-4-» 
ed CO 
P I., 
U J3 
O <U 
^ CO . S 
fl) C X 
ed • £ ^ 
•;; ed > 
S o >J 
w 00 S 
cd CO 
cd o «_ 
O -o 
OQ Cd 
O O O 
'-' o Z 
O . " ^ 
• = : U H t iH 
'2 
'S 
o 
0) 
t4-( 
U O 
5 g ed 
c- . 2 fe 
O ed Xi 
« 4J Cd 
a CO TS 
E o o " .2 
S w P 
C4-1 O (U 
/ - s -4-* •4-» 
° Cd Cd 
o E-g 
^ 2 - c 
M-i r-i «> 
W o o , 
td 
T3 
o 
E 
"2 
o 
o — 
J. K 
o 2 
- S 
§5 ^ 
r<^  
1 
ON 
ON 
c^ 
• — 1 
5 
*** 
s 
O J 
,5J 
d 
c5^  
t 3 
Q 
0 
^ 
''^  
C5 
:^ 
0 
S a. 
^ 3 
0 . 
•J? 
o i 
c/i 
is" 
60 
0 
g 
^ Ci 
k. 
U 
L. 
g 
1 0 , 
S 
*c C<3 
I H 
c/> 
CO 
E 
E 
"o 
< < 
O — fN m •^ 
B 
a 
o 
E 
»n 
§ 1 
to 
o «s 
c« O 
is J 
( 4 - 1 ' • i -> 
O cS 
« 
vo 
w 
C 
u jo 
"o 
CO 
C/3 
o 
« O 
so 
CO 
u 
^ * 
f 
O 
o 
c 
^ ^ 
C/3 
c 
'5 
ea 
c 
u 
-•-» 
c ., 
C4 C/} 
2 C! 
O •(-> 
• 4 - * 
e.s 
"-I S 
CQ C 
O 
u 2 
o 57 
0 
6 2: 
c 0 
CO 
c CO 
1 
0 
X 
TS 
c 
a 0 
.•«H 
C 
0 
^ • ^ 4 
z 
c 
N 
^^  
« i i 
c 
'B 
c 3 " 
. 2 0 . 0 
B 
,0 
«J O 
t 4 - l CO 
o c 
c .2 
S o 
to CO 
•O 
CO <« 
4) " O 
•<-> 4 ) 
4> * i 
•- ii 
00 & 
2 S 
O 
Q 
5 ^ 
U CO 
CO 
C 
O 
c 
la 
> 
i/5.2 
o —« 
^ = 
B ^ 
^ S g 2 
CO 
(-1 
CO 
a, 
to 
S 
CO 
Ui • 
o O 
. 2 T 3 
B c 
• = CO 
> rM 
•^  o 
4> I'-H 
C/D O 
C 
o 
CO + 
C — 
o u 
•:: K 
E o 
<*- o 
o + 
to _ ^ 
W o 
3 iS 
2 + 
O" — 
-o w 
C X I 
CO - ^ 
• - <u 
2 o 
(U 
0 0 
> 
I 
)- l 
cl 
3 
cr 
CO 
U 
-J 
H 
x> 
S B 
•^B 
<u — 
z. > 
O bO 
c.S 
O D, 
•C a, 
2 *C 
• — CO e o 
i-i •— 
Q cd 
c 
"O 
c 
CO 
3 
U 
• o 
c 
« < ^ 
c o — 
. 2 c «J 
2 -zj « 
cS CO { ^ 
D, C c 
<U •— C 
" I 
I-I U --S 
O • - 2 
•4_l 4 - * C 
03 ea O 
c .ti — 
5 •»-' "^ 
P C CO 
' - ' C O • • - ' 
u 5- e 
c 
N 
T3 
C 
CO 
•o 
U 
xT 
O H 
to > > 
CO Q . 
^ 2 
> S 
CO C 
" o 
• * - »-c 
«4-l J 3 
O O 
C ' -I ^ 
t o ^ 
.S I 
6 c 
Ui • " * 
Q X 
O S 
60 
.— (3 
o :^  
'^  SI 
c « 
2 -S 
CO CO 
• l - l " ^ 
^ 4> 
rr\ > 
o Jo 
c "3 
.2 0 
-^ a> 
CO •— 
O O 
c g 
S HP • 
:2'^-o 
> . - CO 
CO - t : " 
3 CO O 
=* o 3 
O to o 
60 
a, 
a. 
CO 
u 
• «H 
"O 
O 
c 
CO 
CO U 
^ 6 
" i 
a* o 
to > 
3 
o 
o 3 -o 
CO J ; CO 
JS o . , 
<u c .2 
X> G 3 
60 U 
r ^ to 
w .2 I 
CO ' 
« CO D 
J3 3 C 
(U CO '^ 
to ••-• •»-> 
»- (U J -
^ 6.SP 
o 
o 
m 
m 
I 
m 
00 
r J 
<3s 
^ 
CO 
s 
CO 
o 00 
is • * 
^?; 
CQ 
E 
< 
o 
i n 
I 
00 
rr 
r i 
OS 
-s: I 
p [;: 
• r- o 
CO » t 
"i S -S 
2 e> ci. 
OS 
I 
OS 
0 0 
(N 
yn 
o 
OS 
I 
I 
>-^ « ^ CTv 
'^ ? 
p Si 
• • = y 
CO p 
ed CQ 
E E 
E E 
CQ CQ 
JS. JZ 
o o 
< < 
^ 5 "1 
<u 
c 5 = 
CQ - s : o 
CQ 
. . ^ 
u u c 
•> Q iZ 
S Ci > 
O. X O 
S ^ 
c 
CQ 
O i« 
o < a, 
<^ • A 
m s o (— 00 OS 
to 
c 
E 
E 
o 
U 
E 
V3 
c 
< 
0) 
o 
CNl 
o 
Vi 
C 
o 
« 4 - l 
o 
o 
> 
u 
c 
•4-t 
c 
o 
>. 
3 
• 4 - 1 
C/3 
en 
• 4 — t 
g 
> 
5 
c 
o 
c 
CO 
•*-» 
<u 
e 
o 
1/3 
o 
c 
o 
• • - • 
c 
•*-» 
> ^ 
1 
• •• 4) 
C N 
.2 — 
• « - * ^ 
"o o 
to 4) 
3 3 
C 
J3 
•3 
"3 O 
E 
W) 
O 
z : "3 
CO 1.1 
(N 
CO :F 
1 + ^ 
* i " ^ <^ 
cd O , O C + 
CO 1 O S 
° ^ + 
> CO — 0^ 
<- td , O N 
" 3 CO n u 
3 ^ + S 
O « (u o 
o 2 <u « 
<U J3 N «J 
r^  « « •-
(J Q > U ^ 
. . . U &H 
so 3^  ^- „ j£ 
S U N •S H 
c+i O 3 
o -3 J : 
CO « * " 
c S c2 ^ 
'^  -^  T^  & 
J^  CO « 2 
S 3 5i ob 
• m l C/3 . 4 - * S « ^ g 
C " rt 1 
0 . « bo b 
to 3 . - ^ 0 CO ^ 0 
ft <=* ft ^ 0 u, 0 (u 
- 3 0 ^ 
CN 
(N 
• 4 — • 
^ 
u 
CO 
3 
0 
3 
0 
CO 
3 
0 
•4-J 
CO 
C i - l 
0 
CO 
3 
cS 
i-i 
CJ 
CL, 
CO 
u 
> 
• * — • 
CO 
• 4 - * 
3 
cx 
3 
0 
CO 
3 
0 
c2 
CO 
CO 
_>^  
3 
CO 
> 
3 
a 
CO 
s 
CO 
CO 
3 
0) 
> 
0 
CO 
CO 
3 
u> 
CO 
> 
1 
.s 
X5 
CO 
a, 3 >-. 
2 -^ 
CO b£ 
0 0 
• " " •4-> 
S 1 
CO x : 
3 " 
.3 u 
.ti >, 
^ i 2 
CO 
CS 
C4-4 
0 
CO 
0 
• b 4 
3 
•4-> 
X 
S 
3 
0 
CO 
3 
0 
•4-> 
0 
s 
« 4 - l 0 
CO 
3 0 
• ^ ^ 
•4-> 
eO 
i i 
CO 
& 4 
(L> 
CO 
U 
> 
•4-> 
«0 
* - > 
"eO 
3 
a 
C O 
3 
0 
V 
2 
u 
J3 
3 
0 
CO 
3 
.2 
eO 
> 
CO 
0 
E 
0 
(Z3 
3 
u 
•4-* 
X 
CO 
X ! 
'% 
CO 
"u 
« - i 
U 
60 
3 
CO 
X3 
u 
X 
1 
• 3 
CJ 
' 3 
<a 
60 
I-I 
0 
3 
•3 
3 
CO 
CO 
0 
'cO 
> 
CO 
J3 
C M 
0 
I - I 
3 
0 
'> 
CO 
J3 
3 
0 
& 
CO 
• 
CO 
E 
• 4 - ' 
CO 
>% 
CO 
*-• 
3 
u 
CO 
•4-> 
3 
I - I 
%•* 
•5 
ctJ 60 
• 3 0 
4> 3 
1-4 t ^ N 
C L I ~ 
** S w 
l - i RS v ^ 
CLi .M U 
^ ^ CO 
0 S X 
oi v- 0) 
"rt 2 1 
t>.>S 3 
E E .2 
-=t 
<N 
I - I 
« 0 
^ g 
— X) 
I - I ^ 
2 '^  
rt 0 
3 60 
- o 0 
S 3 
«^  3 
CO CO 
•3 ^ 
c*-i T3 
0 di 
CO 5G 
CO T3 
^ 0 
CO 3 
3 ^ 
-^ ^ 
'4-* CO 
U i " 
«=i 3 
.2 0 
•4-> 
< I CO 
• 3 
U 
3 — 
CO 
.2 g 
E 
u 0 
^ E 
u. 60 
3 CO 
0 0 
0 3 
00 0 
1 
3 
0 
I-I 
u 
1 
00 
1 
1 
00 
1 
0 
N 
3 
<U 
X) 
" 3 
C4- I 
S c 
CO > 
CO 0 
CO 0 
a^ 
< N 
( N 
r ^ 
( N 
( N 
f T 
0 
V £ 
CN" 
o-
0 
••" 
• • • 
c bo 0 
2 
^ p 
U 
d 
c 
CO 
CQ 
Z 
2 
d 1 
«i-> 3 
1 C 
- >-
OS 3 
~ J ^ 
ft H 
§ 1 
eg ^ 
^ , ts H 
? ._' 
2 2 
2 '^ 
2 < 
^ X 
0 , , 
"N .9 
Vi • = 
0- "^ 
C/iS 
CD — 
<N (N 
0 
1 
I T ) 
^ 
T f 
r i 
O N 
OS 
^ ™ 
>5 
2 
N 
_cJ 
"0 
00 
N 
<N 
CN 
m 
r-
m 
0 0 
VO 
d 
^ IT) 
^ ( N 
O N 
<3s 
-^
1 ^ ^ 
c 00' 
S o - * 
C OS 
5 : Ov 
0 — 
1 ^ 
r*^ - • 
1 ^ l"^  C^ ft 
5 S 
<-• 
2 -
< N 2 < 
« > 
P • *• 
.E ca 
cs 0 
Z <u 7 ; > 
"w "53 
E ^ 
"^i 11 
i 0 
2 ^ 
< UJ 
m • ^ 
( N f N 
r* 
^ 
05 
VI 
-4-1 
e 
S 
S 
o 
s 
Qi 
_>• 
"« 
e 
< 
9i 
H 
>r^  
( N 
C 
o 
•^ 
c 
Vi 
s 
o 
, 0 
0 . 
(4-1 
0 
c 
4 - * 
ex 
C/] 
4-> 
4-» 
c 
ca 
3 
a 
C/3 
•4—' 
a> 
s 
0 
0 
ex 
-a 
V 
en ;^ 
a 
> 
C/3 
0 
CO 
C 
.2 1 
ts 0 
c _ 0 "^ 
CO 
0 0 
J : 1 
• | 0 
•s ^ 
ca CQ 
.2 H 
CO 0 
JH «4-
ex 0 
e 
0 
CO 
( 4 - 1 
0 
l-c 1 ) 
~ < • - I 
C «« 
11 
C CI-
0 2 
a j = 
ca u 
. 
CO 
e 
a 
•4-J 
CO 
CO 
u 
CO 
e 
u 
0 CO 
4^ CO 
.S c 
S > 
0 0 
6 i 
2 8 
> E 
•- .2 E >^  
c -3 2 S 
a 2 ^-^ 
i 2 « 3 c 
Q 0 1 c: 
c 0 - .< 
C S " S 
0 S* ^ . 2 
U CO C X> 
^ 
( N 
0 
c 
a 
u? C 9> 
>..E c 
ex <-i 0 
. _ - < - • 4 - < 
e g o 
'•0 ^ ^ 
5 ^ 
« 6 0 - -
0 c "o 
« C (U 
00 u c 
l_ 0 • — 0 S E 
•E ^ 
,-^ 
+ 
^h- 0 >» f*^ 
0 _^ ex 
C.2 2 E 
0 T3 ex fe 
13 ^ 2 1 
<U CO > - , X ! 
00 3 J3 0 
1 
• • ^ C/3 
^ 0 „ 
u :z ^. 
"ea 
• 4 — ' 
•2 E 
Co e 
2 g^ .2 
0 C4-, 5 
0 C 3 
I - 0 0 
Us 
1 £ » 
C <u 0 
"N 
^ 0 (/3 
• 0 
C 
C3 
0 
' c 
•4—1 
u 
u 
c: 
ea 
b CO 
1 0 
CO 
_o 
' 4 - 1 
ea 
0 
a 
c 
ca 
4 - » 
E 
*-• 
.2 
"3 
r-
<N 
ca 
CO 
CO — « 
CO ca 
•T3 l^H 
t— • " • 
« t : 
x : ca 
0 . i : 
c 0 
CO ' ' - ' 
U (4-1 
V 
CO 
JO 
0 
ea" 
c 
"E 
r« ca ^ 
0 c 
g 2 
<+-. 
0 ^ 
c "ea 
0 CO 
"5 tiO 
^a r" 
D, 3 
w « 
00 cj 
CO 
0 
'S ea 
u 
E 
0 
CO 
CJ_. " O 
0 « 
2 S 
ea ea 
C^ c 
c " " 
ca c5 
G 0 
0 CO 
• - C3 
^ 2 
,2 '5 
u E 
1—1 CO 
_ 
60 
ca 
0 
'cO 
c 
0 
ca 
CO 
ea 
4 - ' 
ea 
00 
c 
CO 
3 
CO 
l - l 
_ea 
4 - ' 
c: 
^ c 0 § 
CO 3 
ea lu 
r^ 
•rt 
0 0 
r^ 
<~n 0 0 
"^ r 
VO 
—N 
^ 
0 
^ 2 
*» 
^ !^  ^ 1 
1^ 
S j 
.g' 
•^ 
^; 
f3 
c 
'O 
oi 
ra 
1/1 
i 
00 
ea" 
£ 
CO ^ 
• C 
C/5 
d 
00 
i r i 
r-4 
0 
1 
VO 
r 
r n 
0 
Ov 
^ 
, 
.2 
"^ 
1 
^ 
^ p 
• ^ 
C3 
J2 
L . 
0 
x> 
i-
< 
•^  
u (/) 
? C L 
*^  
N 
> 
.5^ 
*c T 3 
CQ 
c75 
d 
V£> 
( N 
<y-i 
0 0 
m 
C?> 
r-' 
I t 
r"-) 
C> 
0 
— 
--; 
*^ ^w 
. 0 
^ 
>^ 
iJ 
'^  
"^' 
'C 
PS 
> 
H 
c/j 
•b' 
p 
E 
« 
•5 
S 
< 
K 
( N 
00 
oo 
M 
• * ^ 
e 
a> B 
E 
o U 
s 
« Q^  
c 
'^ ^ 
*-< c 
u 
O H 
CO 
cd 
*-• 
e o 
*>< 
o 
( 4 - 1 
o 
' c / 3 
^ 
"ed 
C 
CO 
U J 
H 
«-^  
u •4-» 
CO 
*-> 
CO 
_eO 
' I M 
* - > 
CO 3 
•o 
_c 
'<-> 
_ > 1 
e 
< 
CO 
*« •fc-l 
u 
s 
u 
'S O 
H 
.2 
O (4-1 C 
CO O • " 
• O CO " g . 
•O eo « 
O C - g 6 «« I 
« 2 ^ 
o -£ « 
CO c;3 
> r; CO <-« 
^ <U 4-> CO 
u >% u cd 
Z i 2 S ^ 
ON 
(N 
CO 
O 
O 
c 
CO 
« - i 
ed 
DO 
C 
O CO ^ 
CO 3 > 
5 CO c/5 
«* -S ^ 
C ••-1 I—( 
• - ^ 1—I 
•<-' e ui 
•> ^ u 
^ (U „ 
So *- > 
S . S ^ 
Jl e «= 
. i5 ' ^ C^ ^ 
CO (S O 
« i 3 CO 
3 g (U 
> Si o 
0^ O CO 
CO 
C 
o 
C 
I Cd 
l - J CO 
H c! 
(U O 
a, .2 
l - c ^ 
u bO 
> •"• 
« 2 
60 
_C 
*co 
. 3 
60 C 
• > 60 
^ •« 
T3 > 
<U '^ 
*-' Wi 
6 0 * 3 
1= 
CO 
u 
•rt CO 
^ « ^ 
3 *= 
CO U 
• r t CO 
.5 6 
2 '5 
2 e 
3 e 
CO CO 
O 
CO 
CO 
C3 
CO 
C 
O 
15 
+-» 
o g 
( 4 - 1 
o 
c 
ii 
4—* 
4—* 
CO 
ex 
rz 
o 
B 
( 4 - 1 
0 
c 
_o 
•4-» 
1 
CO 
X 
w 
, s 
^ 
• • - 4 
CO 
C 
0 
m 
0 
c 
_o 
•4-» 
CO 
i-i 
c 
0 
c 0 
u 
(4-1 
0 
c 
0 
4 - > 
0 
c 
(2 
CO 
C3 
e 
c 
o 
(U to „ 
CO c g 
C 
C <+-! 
3 O 
O S 
O o 
T3 4-> 
C «* 
« 53 
60 
C 
CO 
u J 
H 
u 
CO CO 
JS 
D, 
•a 
CO 
t - l 
> 
O 4 
CO 
0 
15 
0 , 
CO 
(-1 
60 
0 
4 - J 
CO 
E 0 
• * H 4—> 
o c 
CO CO 
• - ^ 60^ 
CO X t i 
g f .£ 
O :S «» 
•^ <u o 
CO < N CO 
CO o «=M 
^ § s 
T3 2 J3 
m 
1 = 
60 CO 
•^ u< 
3 
X 
1 
•2 ex 
U 3 
X I " " 
4—t — ^ 
C flj 
> . 60 
'^ CO 
S . 2 
o rz: (i: =« 
S o 
.2 (« 
c c 
CO O 
(S « • -
O flj 
c S 
.2 — 
CO > 
ex <u 
4 > CO 
CO t 4 _ 
a> o 
> o 
^ r * 
CO 
u C 
"e CO 
4«J 
X 
60 
<D 
CO 
CO 
j i : 
ex 
<u 
15 
0 
CO U, 
•z: o 
b 3 
Ji X 
<u • -
3 
0 
— 
0 
'w ' 
m 
0 
Z 
E X 
X 
60 
15 
J 3 
4—t 
T3 
C 
CO 
' i Q 
c 
CO 
c H 
<: ** 
.> 
«'5 
4 -» CO 
2 «<3 
^ 3 
CO c r 
O t 
(4X , 0 
3 • . 
^ 3 
o « 
•5-e 
e o 
CO ( « 
•4-» *t3 
0 0 CO 
U •£ .>< 
E 
E 60 
p c 
CO E 
2 3 c 2 CO " 
Ui — 
3 CO 
4 - > ( 4 - 1 
o 
c 
o 
5 ^ -S U i 
o . ex 
o E 
CO . 3 
CO 
E 
•4- I 
CO 
u 
-o 
S 
CO 
E 
a 
1^  
O 
0 0 
OS 
o 
I 
00 
C3S 
"^  is 
^ be 
0 \ <3 
-I 
^ ^ 
f ^ • 
2 2 
- g CO 
^ > 
S is 
-= 2 
o 
J~ t -
OS OS „ 
I 
It 
<• o Si 
• - •—» 
• a 
il Ij 
t3 = 
ca "« 
ori .;£ 
^ cx 
00 O 
- c o C/0 CO 
; :3 
> ' 
CO . • _ ' 
T3 ^ 
CO CO 
>- 7: 
M < 
CO c/i 
00 OS O — 
rs) rs m ro 
c 
s 
B 
o 
U 
;^ 
u 
a 
B 
CO 
^.1 
" C 
u o 
> I 
«- o 
o o 
e 
<u 
O. on 
— c 
>^ 03, 
•£ CO 
O 
I 
o 
c 
o 
2 S 
- S 
c o 
> a 
o S 
^ P ^ 
.2 g 
C/3 ^ 
J: 3 
> u 
u Si 
S CM 
c <u 
1) ^ 
60 > 
CO 
C 
o 
c 
CO 
bO 
O 
c 
G O c 
00 i3 3 C 
c 
o 
c 
o 
o 
JO 
o 
«3 
00 ex 
O i-i 
.S ^ 
e-c 
(U 
CO 
3 ^ 
CO 
45 « 
= 1 
CO 
3 
CO 
U 
o 
;:: + 
CO X 
.HO 
00 (U 
. 2 ^ 
S ^ 
o -;i: p 
c !L 
O U 
• a 00 
CJ 
CO CO o 
1 ) CO 
b^ C 
« O 
« o 
3 - ^S 
U CO 
O X 
H T 3 CO 
O 
u 
. ^ I 
J C < » 
CO -<-> 
u. •r' 
00 ^ 
H O CO 
•^ ^ o 
U l ^ •»-> 
<U c 3 
CO .^N 1-^ 
•S w o 
H -o •£ 
CO 
< j 
<U CO 
CO O 
(J 
B 
o 
c 
o 
CO - a 
O CO 7 : 
CO ><C 
CO n 
^ + 
.2 c 
CO u c 
S u ^ 
^ J + 
o • c 
O •T- C 
1-1 • — ^ 
o ^ S 
S".2§ 
H J U 00 
U 
•a 
c 
CO 
3 
U 
00 
X 
c 
CO 
00 
c 
CO 
>^ 
I-I 
a 
u 
-J 
H 
1 
CO 
CO 
C 
c <u 
00 
>» X 
o 
^ 
C M 
o 
c 
o 
-4 - * 
CO 
_C 
"s I-I 
u 4—• 
T3 
00 JC 
CO J-2 
3 ^ 
*= (J 
£ C 
C 
« 
U CO 
o 
CO C M 
•o — 
C CO 
CO -ti 
"O ^ 
I « 
C CO 
O J 3 , 
CO 
C 
o 
C '-S 
O 3 
CO 
C 
_o 
4—• 
CO 
o 
CO 
CO 
3 
O 
(U 
CO c r 
O CO 
< 4 - l • ^ 
o ^ g 
»- CO t : 
3 »- tP 
•-* »^ c 
> CO C 
« —' 3 
x : CO ^ = 
1) CJ ^ 
o '^ "S 
.S "O C 
* - ( U CO 
CO , M 
t - i c*-i T a 
g O CO 
° s g 
•OcScS 
3 1 - , 
C/D CO O 
E 
CJ 
= 3 
X ) U 3 
3:5 = 
CO O . O 
^ u- ^ 
i:; o •£ lis-
g o o 
*- c 
O U CM 
c2 I- o 
•^  c2 
3 '^^ 
W CO J? . 
i , 1- ?N 
CO 
CO 
o 
3 
X i 
00 
[c 
'a 
c 
o 
CJ 
X 
o 
C O •*-" 
C 
O "Q 
g CO 
c >^ 
CO X 
CO > - . 
CO " S 
C U 
O ' 
CO o 
O - C 
"S ^ 
I M "^ 
CO " O 
ex dj 
CO CO 
« S) 
Z! 1-
CO O , 
•^ B 
CO " " 
3 "^ 
O CJ 
c r i i 
CO , 0 
^ CO 
CO CO 
s: J:, 
O. CM 
CO C O ^ 
O O 
x; x: 
X ; CO 
.t: c 
^.2 
CO C 
C 
O 
CO 
U 
CO 
u 
g 
c 
CO 
C 
CO c 
CJ o 
u -^ 
E o 
O CA 
c!l "« 
M- l ftl 
O X 
>^ 'E 
2 O 
0 0 W5 
O C 
o 
c 
o 
3 " ^ 
CO 
E 
o 
o c 
c 
CO CO . Z . 
U lo CO , 0 
v i 
—. vo 
r f \o 
CN " ~ 
5 l^ ' 
Tt 2 : "^ 
ON r^ 
c?\ r ,- <o 
— y CN 
o ^ j:^ 
• - ) . , J " ^ 
R ^ -*-«2 S 
1^5 
. ).>' '^  
, • t « ^ 
SD S >-j 
S^  2 ___. ft £ "5 
S P K 
5 .^  ^ 
^ o - d 
^ ^ < 
^ "T" C i , ^ - . 
m 5 " 
eg ^ — i_ 4_. ta
3 ,«5 t ^ 
s ^-^ 
>• 5 i:' 
£ :^ ' >: 
00 2 tA 
^ aa S 
n ;_' ra 
' ^ l S 
= 1 « 
J ° ^ 
C/3 S t j j 
!-d:s 
CN r<^ • rr 
r^ m m 
o 
T j -
• ^ 
•4 
•«a-
TJ-
,^ r-' 
^ 
^ T T 
T OS 
1 ^ 
CN O^ 
T f — 
~ o" 
<3s " t3 
OS 52 
- ^ 
^ '. 
^ feb 
'. I . 
tc s: 
s o ft :^  5 ft 
5 § 
^ ^ 
1:> 
^ C3 
P 
< ^ 
s z 
5 "rt 
X 
z 2 
• O T 3 
<a cQ 
E E 
E E 
CO CS 
o o 
s s 
< <" 
>/^  vo 
m r i 
o 
o 
c 
CO 
e 
B 
B 
o 
U 
:^ 
u 
B 
e 
V 
o ^ 
o '^ 
c ° 
0) C 
^ .2 
• » - ' . 
X ) O 
«-i c/5 
.IT" (U J5 3 
w - -
C « 
o > 
1 ^-
o -o 
c 
a a o 
c 
o 
c 
ctf 
O 
c 
o 
" t ; »-r CO 
& O •-' 
CO r 1) 
00— ff 
"^ £ CH 
^ O oj 
o i_ bO 
o 2 t) 
•?^ -
C/3 X> O 
00 
m 
Q, ^ 
60 — 
. - w) 
C3 03 
l-c • « -
C CO 
:S o 
u o 
«) , 0 
?i -a <" 
o ^ a 
° i o 
w « y 3 0 — 
CO 
C3 
<U 
c.i 
s I 
as 
0) 
CO 
O 
13.2 
o 
c 
l - c 
ON 
CO .Zi 
ex 
go 
> . ^ 
3 .t; 
1/3 ^ 
O 
3 
O 
> 
<0 CO 
X i 
G 
O 
4i 8 
. 2 w w) 
a, O C 
o c «> 
"5 
> Z 
C o 
t l_ , " Q -4-. 
O 
CO 
•55 <a "^ 
« '-" O fO -t-i ^ 
- ^ g 
^ .is 60 
g - & 
S.s.i 
2 «« -^  
a - S . 2 
(/J Ca CO 
J2 
to 
C 
O 
3 
c3 
60 
i-i 
O 
3 
u 
u 
. 3 JS 
C * - CO 
"-" W (U 
^ 60 t, 
O CO >2 
^ . 2 2 
C*H — Ct_( 
W "55 o 
CO 
3 
O 
T3 
3 
u 
CO 
O 
•I 3 
ec 3 
60 O o 
o 
3 
o 
CO 
3 
O 
*^ 3 
c/l 
• * - » 
8 
O 
60 
«J 
a 
t-i 
u 
U CO 
3 —' 
S .S 
CO ^_^ 
O 601 
S.2 
Oi o 3 *55 
< 
g.2 
e " 
" o 5 
t/i ^ *-> 
^ 1) 4) 
D , CO 
- , «J 3 
B g 2 
•" 6 
CO >-> 
^ 2 
CO 
3 0) 
• • 5 . 8 1 
< . ed CO 
O 
3 
O 
JB 60 
CI, 3 
CO • r-
&)2 
O CO 
3 "5 
•5 «« 
fc- 60 
<U 8 
~1 > 
B ^ 
r 3 
C3 
^ ^ ^ 
> -
a x : 
<u .— 
o 
3 
o 
(U 
T3 
3 
CO 
CO z 
o 
o 
u 
< u 
.*—» 
CO 
60 rc 
.5 p 
CO —^ 
3 ^ ^ 
3 'p X 
.2 3 
CO CO 
i-i 
CO " O 
Q , 3 
u CO 
CO „ _ 
> 
o 
o 
u 
X 
<u 
CO 
6 0 ^ 
CO CI, 
.5 := - S 
CO 
O 4> 
Ui 3 
3 o O 
^ C4-1 o j 
CO t o 
o <u 
3 -C 
cd 
• * - • 
s 
> 
CO 
u 
CO 
60 
P 3 
3 — 
CO CO 
3 « 
.2 B 
»-( O 
CO 
i> . 2 
CO -^ 
t o 
I-I 
o > 
== 3 60 3 U 3 
l - i . — G, 3 
.11 i^  
"O <0 
'C -a 
o 3 
" "u 
E ^ 
3 CO 
: 3 : 2 
00 
00 
CN 
>/p O 
2' "^ 
— OS 
i n 
OS 
• OS 
00 Z. 
o . 
Sj 
,L» 
OS ^ . 
• • I S 
c-i -S: ^ 
Tf > &> 
I | § 
> S; 
^ ^ ^ % 
-^ c 
** -£ 
Q -J •= ^ s 
I.- < 
« t« 
c to ^ 
.2 « o 
^ H c/0 
>^  >^  N 
§ 2 
— CO r- 00 o\ 
rn m r"-! 
•5 I 
.2 E 
o 5 
S o 
z < 
o — 
in 
en 
c 
s 
B 
o 
U 
^ 
B 
v> 
V 
• * 
2^ 
"« 
c 
< 
H 
(N 
'^ 
u 
00 T ; ° 
< CO »-
-. O ON 
X ) — — 
t _ «3 O 
o <u '-" 
k- - ^ ^ 
CO O /—N 
^ C 5 
t/3 O O 
« 2 T' 
-a 
c 
a 
3 
u 
c" 
N 
U a. 
c 
CO u. c4 
rt O flj 
B. 9 -^ 
^T3 ex 
C c "^  
.2 =^  e 
« g 2 
4-1 1^ X 
C CO & 
<u ex, a . 
" O t> O 
1—1 (yj O 
1 
u 
x: 
u 
CO 
^ (U 
CO 
is 
CO 
3 
C 
i-i 
«^  
1 
U 
CO 
GO 
< 
< 
m 
• " ^ 
CO 
1 + 
•5 >n 
D, + 
•^ + 
• - IT) 
^ + 
1> IN 
c + 
. 2 - 0 
1'^  
CO CJ 
u • — 
CO N 
(/5 X) 
t/5 
CO 
o 
p 
"" c 
o 
]-^ 
to 
C 
CO 
k . 
> 
§ 1 
W5 CO 
C 3 
CO O " 
C»-i 4> 
O j = 
c *" 
to « 
C/3 , ^ 
u 2 
H 6 
00 
CO 
o 
to 
C 
o 
y^-*S 
+ 
o 
3 
CO 
o 
<i 
O 
o 
x: 
•o 
1 < 
l-< [—1 
+ w 
c 
u 
N 
+ 
O 
3 
OQ 
c 
c 
o 
(O 
X 
CO 
o 
o 
• 4 - ' 
CO 
X 
c 
.6 
4-» 
CO 
^ 
1 ^  
U O 
CO . £ 
0) CO 
C I . U 
.5 D, 
ex 
o 
a 
CO 
O 
• * - • 
u 
ex 
CO 
• ^ 
• ^ 
-? Ui 
•^ !5 E 
c .5 o 
1 ^ S 
0 0 . 5 (u 
nr «'! 3 CO . ^ ^ 
•— cj . r '>-' 
C r>! •<-• 
CO ^ ''^ — 
c ^ T3 a 
.2 "o " D 
C O — G 
CO . - ^ O 
O S T3 O 
H CO > CO 
CO 
c 
o 
'c CO 
"« 
> 
(in 
to 
c 
"2 o 
•J C — 
• - CO C 
x: ra 
ex c 
eo O C 
k. •— • - ; 
l l -
CO <4_ ( J £ • « c^ 
© C o 
CJ • - O 
^ 2 S 
•7 « 1 
G ^ (U 
H to "o 
U-) 
T f 
CO 
S 
3 
to 
^ 3 
13 
"S 
60 
CO 
CJ 
CO 
C 
O 
CO 
C 
o 
c 
CO 
C<-l 
O 
>> 
3 
CO 
U 
t o 
'c 
< 
to 
CO 
c 
to 
o 
L^ 
o 
'i 
'5 
c 
1 
u 
CO 
O C4-( 
i o 
CO " O 
W - ^ •<-' S ^ «= 3 > (U |B i 
• - 5 CO 
. « CO to 
_^  S- ^ 
*-• •— c 
CO C/2 _t>0 
3 O T^  
X T CO rt 
.2 C :>. 
O •£ O 
t - C 
w c 
1 <u 
C • - ' 
. _ o 
••^ CJ CO 
c • - c 
*" '§,•2 
r/^  cd C 
cx 2 o 
o 2 d 
— £ .u 
^ o t a §i 3 
C U CO 
SO 
• ^ 
oo' 
<3N 
O 
!.> 
s 
t 3 
O 
^ 
t-Sf 
5 
^ 
1^ 
5 
r^  
C 
"S 
• d 
CS 
E 
c 
CQ 
J = 
o 
s 
< 
( N 
• * 
00 
1 
'—' 
0 0 
1—H 
.^  
o> 
^^  
^ 
2 
^ 
o 
-s: 
U 
< l 
cd 
CO 
61) 
es 
< - • 
Q 
Z 
« 
c (Q 
«^  J = 
r/ 
D 
< 
^™ 
03^ 
Q. 
o 
1^ 
> 
r n 
•^  
1 
m 
• ^ 
—^ 
.^  
i n 
0\ 
o 
*• 5 
1 
2 
o 
5 
^ 
u . 
CS 
r ™ 
C3 
r-
u 
CO 
CL 
. , 
« 
** H 
t/5 
-o CQ 
E 
CQ 
"^ o 
2 
< 
rf 
T t 
l O 
irT 
ON 
t ^ 
•^  
0 
m-^ 
o 
5 
o 
I . 
^ 
"S 
r^ 
:5 
(/; 
k. 
to 
B3 
u 
C/) 
CL 
. , 
w 
f^ 
h-
co 
T3 
C5 
£ 
C3 (-" o 
s 
< 
i r i 
'^ r 
05 
a 
o 
U 
u 
cs 
B 
a 
Qi 
c 
< 
V 
c 
(U 
T3 
C 
u 
§ 1 
u u 
O H 
c 
u 
u 
i3 u 
u 
;> (Tl 
1 (U 
1-1 
3 
rr CO 
•4—t 
CO 
a, 
^ 
1—1 
s^x 
73 
(4-1 
o 
^ 
0) 
e 
e rt. 
0 . 2 
ed 
o ^ A 3 c/] 
CO 
•4-» 
c 
u 
o 
CO 
en 
<U (J 
o d 
c pq 
C O > — < 
3 S 
•S § 
C/3 ' ^ 
u O 
« 4 - l ' ' ^ 
o >. 
c -^ 
O w-
O T3 
y^  s 
. M CQ 
c ^ 
2 B 
C3 
B 
> 
CO 
u 
U 
-3 
JO 
(75 
en 
O 
o 
c« 
C3 
r, . W c o 
o c •;= 
o U »-i 
.2 « o 
O . CO 
Si o «-
• O " ^ CO 
• " C -
" O * . 3 
s i -o 
* 3 C c •« S 
.2.S ^ 
S J2 '"S 
CO CO * -
00 S • 
4> 
I 
c 
CO 
c 
CO 
o 
X 
c 
o 
c 
CO 
x: a 
u< 
o 
• < - > 
CO 
o 
X! 
o 
c 
o 
I-I 
u 
E 
o 
OS 
CO (/3 
c c 
£ -o 
u- O 
« ^ 
3 
u 
c 
CO 
o 
u 
> 
CO 
u 
E 
o 
o 
c 
o 
CO 
c 
1 
t-l 
a 
•4-rf u "O 
4> 
JS 
H 
U 
J 
x> 
CO 
C 
O 
•4-J 
CO u 
-^^  C3 4 - j 
U 
d 
, 
E 
o 
• 4 - ^ 
CO 
C (U 
•o 
o 
• - ' 
o ri 
a 
u 
CO 
x : CO 
. - -c 
^ '=^  
B '£ 
CO O 
c c 
<u x: 
1 ^ *>' 
B ^ 
• - (U 
« S 
o '^ 
— _c 
"co |-5 
= 2 
CO C 
O o 
CO ^ 
S CO CO 
"o B 
H CO 
a, 
c 
(U 
C4-1 
o 
c 
CO 
c 
CO 
bO 
> - l 
0 
\-l 
0 
CO 
3 
0 
u 3 
CT 
CO 
(<- i 
0 
••-J 
CO 
CO 
C 
0 
u 
CO 
g; 
3 
CO 
> 
o 
CO 
CO 
D 
u 
N 
CO 
o 
o 
o 
3 
CO 
o 
o 
3 
u 
•a 
c 
CO 
u-
o' 
U 
CO 
u 
E c 
c 5 
60 O 
« i5 £-^ 
§•-5 
" E 
CO r. 
CO 
E 
CO 
JO 
>» 
X ) 
T 3 
Hi 
l - i 
CO D, 
1 ) 
kd £X 
3 , 
or 
E 
>^  
CO O . 
^ 
N 
o 
c 
0 
•4—» 
CO 
C 
i - i 
u 
u 
w 
< 
I 
O H 
U 
PQ 
c 
o 
U 
H 
>^  
x: 
c 
o 
CO 
I-I 
CO 
a, 
u 
CO 
C 
E 
U 
o 
CO 
(N 
o 
<N 
I 
O 
IT} 
^ ON 
vo — 
<N -
Si ^ 
Cu 
CQ c/3 
— CO 
D 
5« U 
O 
<4-i 
o 
c 
_o 
• 4 - * 
CO 
C 
'E 
<u 
•4-J 
u 
Q 
c 
CO 
x: 
bO 
O 
<-> 
CO E o 
t - i 
o 
o 
I . 
5 
d 
j < : 
10 
I 
bo 4» 
2 a : . 
5 U 
I « 
o 
•6 
I 
fN 
ON 
^ > -^ i^H 
. I— "^^ 
>. c 
« 3- —; 
O - ^ - J 
X T 
$ ^ 
- < ( -
i^ —' E •= ? »= 
. ca 
o oa 
c/i » 
0 0 Ov 
X 
Q 
M 
C 
o 
;^ 
V 
^ 
B 
s 
o 
U 
u 
V ) 
- t ^ 
>^ 
"« 
c 
< 
m 
1 
£ 
.2 
•5 
CO 
o 
c 
u 
U H 
C M 
o 
c 
'•4-> 
c 
1 
l > 
Q 
C/J 
C 
o 
o 
2 
"« 
E 
(^ 
o 
c 
+-» 
CO 
c 
1 
c 
u 
60 
CO 
CiO 
c 
*>< 
_4J 
E 
o 
C3 
u 
_c 
"o 
"5 
x: 
o 
>> 
_c 
' l l 
c 
o 
00 
o « 
i : -o 
'c •" 
E 
c w 
1/3 y 
5 o 
S.E 
<N 
m 
</5 
c 
o 
' c 
CQ 
E 
o 
t « 
CO 
C 3 
c« 
C3 
+ 
u 
c 
+ 
U 
tu 
C M 
o 
c 
a . 
u 
CO 
x: 
^ 
U 
•o 
c 
o 
E 
c 
CO 
C M 
o 
c 
4 ^ 
CO 
a 
CO 
J3 
X 
2 
C/3 
> 
u 
*co 
o 
— 
"o 
E 
c 
o 
CO 
• ( - > 
c 
E 
_«
13 
C M 
o 
z 
c 
c 
U 
H CO 
-^ «^  
''^ > 
J3 h 
C u 
U CO 
H 
m 
i r ^ 
o 
E -o 
c .ti c « 
= ^ '^  13 
2 i: ^ ^ 
C? 60 . 
•p :5 - ^ 
CO i - ^ — 
U 3 O 
^ ^ ^ o 
O <U (U 4) 
O j ; <_. 
. 2 c ^ -a 
"S « o " 
CQ ^ . M t_i 
V- U i ra U i fl) 
rt ^ , *-• M D, 3 + « td 
CO — >^ . S j t 
U CO o O CO 
t-J 2 • "o <« 
CO 
C 
O 
• — CO 
C C 
d o 
f* C3 
S3 « 
> -o 
(U C 
00 ca 
C M 
o O o 
t^ '- F u-
o o w u 
P > 00 M 
o o o -^  
" = E ^ 
.2 c ;i: § 
CO • M a> ] -
k , « : ; M i > 
ca 2 « > 
•^ .^S <= -r 
9> e « 
c« c >> - r 
. , 1- O *J 
^ « o t;5 
H -o "£ ^ 
"* 
cri 
CO 
«= E 2 § 
CO CO 
O M 
— C 
• - < 0 ) 
CO > 
E o 
3 CO 
2 u 
6 X 
§ E 
o 3 
22 CO 
S 3 
2 o 
u ca 
E ^ 
CM . t i 
c ^ 
O 0) 
• - 60 
ea C5 
i-r ca 
CO J 3 
00 d) 
0) 
E 
"cS 
St c 
0 u 
" M >~i 
i > — 
a . . E 
CO M 
0 C 
«- 0 
60 — 
0 0 
E «J 
0 e>o 
^ 0 
u.S 
l-l 
60 
c 
CQ 
X 
u 
c 
0 
*co 
E 
3 
C 
JC 
4 - * 
c 
i2 
m 
m 
0 
>. 
c 
E 0 
•0 X 
s + 
TO r n 
c 
w O 
C M " ^ 
0 -c 
c - r 
.2 ^ 
•*—» ^ 
ca u 53 ^ ca 
0 , « 
CO ^ 
0 0 
U CO 
" 0 
00 . 2 
CO 
C 
0 
'^ ^ k> 
3 
c2 
X 
v5 
C M 
0 
C 
0 
4—» 
ca 
V ca 
> , 0 , 
ca 4> 
— CO 
C _ 0 
. ^ 60 
3 -«-• 
u ca 
<u c 
^ 5 
c 0 0 ^ 
l l . M 
•5 0 
0 « 
>,.2 
C ' -
E = 
c _ 
<-v 60 
> ca 
r^ 0 
< M — 
D M ' ^ 
> ° 
1—1 CO 
N .2 
ca 
"5 
u 
E 
u 
!2 
*x 
0 
a 
c 
u 
6C 
0 
>-i 
1 
•<3-
C O 
0 
n 
c> 
1 
5 
C/) 
3 
0 
> 
uu 
0 
c 
"0 
E 
(5 
Q 
H 
3 
CJ 
E 
Q 
u.' 
> 
0 
tS 
J = 
t o 
a! 
J 
0 
c 
CO 
tz 
4 > 
CQ 
c/i 
>o 
1 
0 
s 
6 
bb 
-5 
-s: 
0 
c 
CQ 
a> 
0 
3 
u« 
U 
S 
.is' 
2 
d 
. »> 
cQ 
6 0 
c 
< 
L . 
CQ 
c/> 
'5 
< 
CQ 
> 
< N 
1 
r-' 
OS 
OS 
-
2 
• > * 
0 !» 
5 
•s 
CQ 
CQ 
u 
C/0 
cu 
• 0 
CQ 
E E 
CQ 
x: 
0 
< 
0 
10 
1 
vT T T 
0\ r^ 
ON " ^ 
_ 0 0 
..S; 0 0 
6<l ^ 
l a -
"^1 
< -
5 CQ*^  
3 " ^ 
CO 
00 >-
1 0 m 
W5 
B 
B 
B 
o 
U 
B 
Oi 
Wl 
-4-1 
13 
e 
>% 
> 
x: 
X 
o 
o 
o 
"u 
Crt 
"O 
c CO 
> 
a s 
C/5 
E 
o 
o 
H 
c^  
c o g 
O C "3 
C . « (U 
o « 
t- X I "O 
JS * - C 
<j u, <a 
^ t2 c 
c« "O *-j 
T o 2 
1 — ^ 
c 
E 
c 
o 
I -
"> 
c 
o 
c 
•*-» 
u O, 
•^ 1 O CO 
< * -
o 
t/5 
E 
o 
c 
'•!-> 
cd 
o 
c 
•4—» 
c 
T3 
C 
_o 
<—• C4 
(-1 
CO 
Q. 
u 
> 
•4—t 
o 
a 
on 
C 
,1> 
o 
c 
E 
c2 
o 
>. 
!S 
C/l 
O 
GO 
3 
"u 
c 
~ 
CO 
• 4 - ' 
C/] 
a 
o (J 
i 
c 
o 
C/l 
>. CJ 
c 
CO 
> 
c 
o 
CO 
c 
CO 
> 
CO 
c 
o 
u 
c 
(0 
60 
o 
o 
CO 
•4-* 
o 
<A 
u 
CJ 
• 
u 
ftO 
CO 
o 
* t o 
c 
CO 
C/2 
c 
"eo 
k> 
> 
CO 
c 
X 
c 
o 
c/> 
c 
u 
GO 
CO 
a 
i-i 
u 
'c 
CO 
00 
kM 
o 
•4-J 
"1 
OO 
CO 
C 
CO 
u 
CO 
u 
«4-c 
o 
en 
« l 1—( 
^ - 4 t — ) 
OO 
z 
T3 
CO 
o 
U CO 
H c 
o c 
c o 
.2 -o 
-4-4 U 
CO •4-> 
o o 
ex u 
CUTD 
« CO 
T J CO 
c ^ CO "^ 
3 (U 
•4-» ^ ^ 
to ex 
CO 
_ a j 
cx 
o 
o 
CO 
4 - t 
- "« 
£ E 
o o 
C >s 
O X 
CO 5 
. 2 60 
cx « 
CO C 
-o o S 
S X >< 
^ ^ c^  
•C' S? O 
OS 
m 
."H 
CO 
u 
1 
X 
E 
o 
it 
E 
"E 
CO 
u 
c 
CO 
•a 
CO 
<u 
C4-1 
0 
c 
CO 
CO 
cx 
u 
00 
T3 
U 
c 
CO 
Xi 
a. 
T3 
*— 
5 
T3 CO 
— 
0 
C 
CO 
c 
"E 
u 
Q 
l - r 
c <u 
.2 ^ 
2 c 
CO • -00 C -C 
C O 
S" u. X) 
« 'c ^ 
i s ii 
CO 0 2 x : 
0 > C*H CJ 
in 
I 00 
o o 
C3N OS 
OS — 
3 
>*• 
OS 
^ ^ 
^ s: 2 S 2 !^  
00 
o 
O 
<s 
OS 
OS 
c 
Q 
Si 
c 
2 
o 
-Ci 
^ -(^  O^ S o 
•~ o 
B —" 
J ^ '^. 
^ 00 
C Ov 
J °1 
-1 »J 
X 5 
— U 
u C B3 
J d 
'^ 3: 
c > 
E e 
O U 
CO CU 
C/5 q 
< N 00 00 
n 
e. 
"S 
E 
E 
CO 
.s 0 
s 
• • • 
I / ) 
u 
I 
NJ 
0 
0 
f/1 
00 o^ 
>n >n 
ii 
105 
e 
E 
S 
o 
U 
E 
c 
o 
o ^ 
c3 
a 
u 
c 
X3 
O 
s 
C4-I 
o 
c 
0 
• * - » 
c 
'p 
CO 
X 
w 
nr c 
00 O 
c ^ 
•5 Si 
C 3 
O c« 
" £ 
• S i 
•4-* ? 
,wl O 
O «3 
• - I 1 -1 
°^ 
j : : cQ 
" CO 
CO c« 
0) — 
C/5 
0) 
• * - » 
.CO 
3 
—, O 
*- o u — 
00 
C3 U 
3 IE 
tA (J 
2 E 
^ o 
j = ci: 
J:!-a 
U CQ 
E Q . 
O « ^ 
•55 <u 
< o 
u 
3 
X 
"i 
•-" a 
o o a,— 
bo's 
bO-C 
VO 
o 
c o 
0 cs 
c« O 
£= ' e o C 
•— t-( 
6 (S 
og 
u o 
or >> 
c o 
O c/3 
• 4 - 1 li 
"I 
1 ^ 
•£ o 
>^ — 
. t : CO 
H E 
I 
c 
u 
=^  S" 
•§ 2 
(O O 
o E 
• ^ 2 
o o 
< S 
< 
° Q 
CO 
• * - • 
a> 
E 
o 
d) 
Is 
3 
X) 
X) X I 
-a •> 
O t« 
C/5 4> 
s >^  o ca 
• V.4 I I 
^^  t i 
c3 CO 
CI. i 2 
CO • - < 
CO 
u ex, 
•fc-* CO 
rt CI. g 
>..5i o 
rt c "-^  
c c = 
• - iS "o 
C Q CO CO 
CO 
u 
E 
o 
o 
<^  i 
x: 
a. 
CO C 
K O 
O "5 
• « c 
«o o 
E — 
£ "« 
.c u 
^ E 
CO ^ 
c o JO O 
C CO 
• - c 
CO O 
• - i_i . — 
CO o tS 
i2 o 
CO 
:= Q 
CO 
Ct_ <-« 
O W 
O u, 
lo o 
co O 
•^ E 
«> «« 3 
o 
J : 3 
D , X ) 
c o 
eo p 3 . i ; 
CT* N 
r " to 
_ eo 
CO J 3 
C Cu, 
.2 « 
c ^ 
u o 
.1 E 
o ^ 
• » - • ^ 
^1 
c to 
O o 
.2 "« 
C «J 
eO u 
00 C 
o — 
C CO 
ti_. to 
O >^ 
p 5^  
.2 2 
« 'E 
Q o — 
p 
CO 
rr, 
o 
"^^  #\ 
fo m 
w^ 4-
O O 
E:^ 
T. vo 
Si + 
CO ' ^ 
3 X> 
«" — 
p 1.-1 2 S 
3 — 
X i , ^ 
eo 
to 
P 
0 
- 4 - ^ 
CO 
o 
o 
> > ' p 
?? < = * 
H .S 
C M 
o 
c 
o 
>^ 
X) 
CO 
P 
.2 S3 
rr o i i P 
P IS 
CO " 5 
i« 
.5 .0 
C4-1 CO 
O P 
u 
E 
CO 
0) 
3 T3
_ X 6 
CO 
p i i 
o ;s 
CO O 
§ E 
— CO 
E - 2 ^ 
V- E 3 
O ^ CO 
XI •£ — 
o > o 
p «i -a 
CO rt O 
^ X I O 
rs o CO 
• O CO 
m c 
I CO 
- ^ CO 
00 
p 
CL eO 
• « - ' 
P 
o p J ! 
CO , 0 
C4-1 
•^ -5 J= 
H CO D. 
CO 
U 
to 
CO 
< 4 - l 
o 
to 
0) to 
2B u 
C4-1 
O 
CO 
U C4-1 
x : o 
CI, 
CO 
x> 
CO 
O, 
CO 
u 
Jg 00 O 
•P 'I-) eo 
0 , CO e 
~ p <u 
X) !3 ^ 
"eS E 
XI ~ O 73 
CO 
p 
O _ CO 
.2 .S ^ 
E-S E 
'.^3^3S 
00 
OS 
•7 u 
00 
:Os 
O 
I 
O 
CN 
^ 
|U 2 <N 
H 5 — 
• s: *ri 
b ^^ 
^ s ; o o 
p « -
1-^ - ^ 
^ ^ § 
Z N ^ 
'^ . s 2 
t - = .52 
71 « 
•b o ^ 
E >- 2 
E • - t 
O « C / 3 
< X C/5 
0 0 
J2 
O 
II 
od~ 
OS 
Os 
Ci, ^ 
1 s 
< ^ 
± "S 
.:_' ed 
^ s 
ea • -
^ 6 
H ui 
eo" > ' 
eo o 
J -^  
>: z 
f - c/i 
O — <N m • ^ 
VO \ 0 VO ^O "O 
G 
a 
E 
E 
o 
U 
E 
\0C 
B 
l< 
so 
O O 
—, « 
e | 
O I-
.2 E 
« S 
00 E 
CO 
c 
o 
« 
l - l 
n 
.5 «3 
• £ 60 
.ii 2 
CO 
CO 
c 
o 
u 
u 
CO 
00 CQ 
ea C 
b 4> 
c ^ 
4^  § td 
rt bO 
J : O 
i i bd 
c 
o 
> 
o 
«3 
U 
l - i 
c 
.2 
cd 
kd 
«« 
cx 
u 
to 
•5 *-
cd . t i 
.ti c 
3 >^ 
O* ^ 
<J 
u cd 
B>-
o o (Zi a . 
^ X 
gf 
u 
Cd . ^ U 
c — .t; 
o tr c 
••o U ^ 
I . - a 
*i c E « 
is u 
,« 
U 
u 
C3 
o 
o. 
c 
o 
(A 
u 
X 
i i c 2 " *-
B 
o 
H . 2 o o 
l-l 
c 
ed 
•4—» 
-o 
X 
1 
c 
o 
l-l 
V 
>> 
ed 
^—s 
^ 
~^ 
» — » 
f—* 
2 
•^ 2 I ^  
> 60 
u .S 
,1d C 
CO td 
2 c z . s f 
C M U 
o :::: 
C c/i 
2 « 
cd — 
O, 0) (U 00 
'^ w 
c3 ed 
3 C 
*2 S 
• ^  ed 
S . 2 
cS S ^ 'c/3 
u o 
^ ex 
00 3 . 
u o a> t u w 
ex 3 ed 
. t : ed CX 
c 
ed 
O 
U 
o 
k. JZ 
—^  ^^  
5 — 
ex c 
o 
t - l 
"" c 
ex o 
o ^ 
,ed 
k> 
ed 
*::: ex 
f j eo "~ 
t - i — 
o 
td 
E 
o 
ed 
C 
c 
o 
d 
l-l 
ed 
ex 
u C/] 
b ed 
C 1 
(/) 
o J= 
ex 
.^^  
>% 
•«-* 3 
^ 
k^ 
C 
o 
13 
k ^ 
J= (u k- . i i 
U TJ ex c 
ed 
o c *-• 
> . « >< 
ed — i • = 
—' o C 
4* ed «^ 
c — <u 
c o 2 
. « Q-i ed 
00 
-2 
ed - o • ; r 
rzi ed c 
c/j C C 
o 2i .s 
"rt E "5 
£ c 
c 
o 
o 
"o 
c 
- w «3 
• ^ : = j = i 
t(- i •— -'-' 
o t« JJ 
Z- o E c c ^ 
s s s 
l« \ _ / r-
C ^ -2 
ed x : ^ 
c . t : 3 
.2 ^ :S 
O T3 •*-' 
<U « r- M 
Q E ^ Q 
ed 
•*—» 
<u 
s 
c 
• 4 - * 
k- t/5 
H . 2 
ed ;> 
C « 
O 2 
ed c 
• — Ui 
c = 
0 . 2 
•5 1 
4> ed 
o cx 
Q S5 
U i kM 
C X ^ 
—* eo (U o 
00 :i-
C/3 
o 
c 
u 
%-, 
ed 
J2-2 
ed E 
C to 
c 
o 
Ov 
cs 
f 
m 
•s" 
r . 
ON 
ON 
Ov 
i f 
?» 
Q 
TS 
c Q. 
tn 
" ^ H 
S 
o 
<§. 
a^ 
'>3 
•s 
d 
« r" 
t^ 
< 
pmm4 
k. 
ui 
•o CQ 
E 
E 
cs 
J = 
o S 
o 
m 
1 
Ov 
<N 
00 
Ov" 
OS 
r 
^ 
C 
bo 
<3 
s: 
o :k 
;« 
<J 
o 
Q. 
o 
> 
o 
_o 
i 
s Q 
> 
o 
c 
, 3 (*-
*kZ f-
oi 
00 
d 
o 
• -» 
H 
\S 
*^ u 
H 
1 
( N 
T f 
1 
OO 
m 
VO^ 
Os' 
ON 
ON 
^ 
^ 
^ 
5 
s 
5 
^ 
^ 
o-
C3 
—« 
ui 
uT 
"ea" 
z 
< 
cu 
2 
T3 
CQ 
p 
E 
CQ 
r" 
o 
2 
o 
o 
1 
m 
0 \ 
• ^ 
oT Ov 
ON 
"^ 
"§ 
• ^ 
^ 
5 
<ij 
,^ u 
._J 
O " 
cc 
L. 
ui 
« 
< 
c/i 
T3 
CQ 
E 
E 
CQ 
"^ 
o 
s 
< N < < 
"/^ >o r~ 00 
NO NO ^ NO 
9i 
c 
S 
s 
o 
u 
! ^ 
u 
ct 
B 
e 
ON 
CO 
• 4 - * 
s 
l-l 
P (U 
^ o ^ 
ea t j C 
O o DO c 
CO 0) . 5 
B 
o 
.t- — 
+ 
00 
< 
o 
c 
.2 o 
o 
u 
J^ o 
OJ -
^ c 
P 
E o 
" o • - '^ 
CS -^ 3 
Ui £4 C CO 
C/0 
i: c ed 
X5 O 
— bO 
£d C 
S ^ 
-^ u 
^ S < 
o t: 
c 
o 
c 
73 O 
«J "^ 
« k-C X Rt 
o o, 
.E >. >. 
-s i 
^ j = ~ 
.H c Si 
i : ^ ^ 
o "^  ^ 
c c ^ 
•S - •> 
i-i 1^ !> 
^ ^ c« 
O — J> 
U 
. 2 0 . 
ea 
V O 
E ^ 
•o E 
0) O 
* - > * - < 
«j ^ 
•5 " 
o -^
ed cQ 
B 1 
« § ^ 
( 4 - 1 4 ^ 
o 
•B c 
•a .2 
w O 
c =« 
O u 
3 E o i 
.i< o -
C I t« 
. 2 0 c 
26 ° 
Is •— u 
^ o •£ 
.> ^ S 
C3 O o 
.ti •— o 
"rt C ^ 3 <u o 
a:2 ••5 
ca 
u 
E 
"ea 
> 
c/5 . 2 
«3 
c 
c 
Sou 
« l-J 
«= ^ 
o ^ 
'•S c 
S.2 
la ^ 
3 
C/3 
ea 
cu 
u 
(/I 
c 
•4—i 
ca 
C/5 
<u 
l - l 
^ X 
^° 
ea -O 
•B -o 
,!-( ta 
'*-' C 
00 60 
C u 
.2 o, 
l a . S 
E i i 
O G, 
.2 HJ 
l a H 
Ja ^ 
oc 3 
c 
o 
c3 
60 
C 
ca 
c 
o 
ca 
2 3 
• 4 — t 
ca 
ca c 
c .5 
ca 
o 
E - ° ^ 
o c -^ 
c« o X 
° 2 -S 
J CI, . 2 
H ^ E 
3 
- 4 — • 
X 
"E 
9 u 
«? 
60 g 
2 ^ 
~« o 
c .2 
C ca 
. 2 T 3 
_ c 
ea ca 
• J , 
° ^. 
"2 « 
3 o 
t« 4) 
r 1 ^ 
H o 
+ 
+ -o 
3 U 
- c 
P4 + 
c 
ca 
60 
l-l 
o 
c 
•'-' I-. 
E ca 
o —' 
O S 
.2 -^ 
2.2 
ca 2 
CI4 u 
C/3 cfl 
K Z ~ 
O 
« 6^ 
ea ca 
o 
15 '^  
.2 ™ 
ca o 
O, 3 
2 ^ 
60 e + 60| 
ca •»-. O ca 
e 2 D e 
o ca „ o 
cj CO ca cj 
fO 
1 
«s^  
00 
0 
ON 
>^  
<J S 
^ 
•s 
1-' 
U 
00 
•b" 
E 
E 
03 
< • 
0^ 
VO 
0 
0 
0 (N 
^ 
u H E~, 
"t3 
1 
1 
C 
bo 
0 
g 
0 
V. 
.^ 5 1 
^ 
c. 
s 6 (/I 
'5 
2 
.5' 
' 0 4-1 
3 I -
d 
Z3 
'0 
4 - t 
3 
cJ 
3 
CU 
< • 
0 
r-~ 
r-^  
0 
1 
VO 
0 
""' 
r-' 
r^  0 ' 
. 0 
0 
es 
., 0 
f ^ 
(ii 
5 f ^ 
5 
>5 
•s 
C/5 
^ 
0 
^ 
ea 
0. 
0 
2 
3 S 
i i ^ 
< 
es 
3 
ea 
0 
i2. 
aj 
_: 
r-
•^ ' 
00 
1 
vo" 
4-H 
0 ' 
0 
0 
CM 
t j 
S 
JJ. 
^ 
T3 
0 
2 
ea 
Q 
c/6 
c/6 
(H~ 
ea 
c75 
c/i 
( N 
r~-
OS 
Vi 
a 
S 
o 
u 
0^ 
V3 
< 
_4J 
r<^  
r^  
T 3 
C 
o 
X 
0 0 
E 
o 
3 
C Q 
* - > 
+ 
c 
+ 
N 
o 
-o 
3 
• 4 - 1 
u 
o 
(4-1 
T 3 
C 
CO 
T 3 
T 3 
E 
c 
(«. 
O 
k . 
3 
_o 
*> 
CO 
x: 
c 
o 
c 
u 
•4-J 
m 
O 
X 
CO 
3 O 
4 > 
3 
cr 
CO 
C O 
C 
"eo 
s 
c 
o 
CO 
c o 
E 
!5 
CO 
1 
c 
'£ 
CO 
*>» 
3 
• 
c 
1 
T 3 
C 
CO 
•o 
CO 
u 
-4 - * 
c 
3 
1 
CO 
a "o 2 
u o E 
00-;= u. 
«» 2 Ji 
— C o 
"^  - E 
•S ^ 2 
<-rf ^ j ^ ( ^ 
0 < CO ' O 
</5 
c 
u 
c 
o 
a 
E 
o 
o 
7 3 
C 
CO 
' ^ 
t^ 
CO 
• < - ' 
c3 
a 
•a — 
k- ( N 
c E 
« o 
CO W i 
o o 
"rt E 
u- ?-
. 2 T3 
*- c 
f? CO 
03 - 5 
CO ^ 
J c H o 
CO 
o .2 
•4-J 
^ E 
— O 
<J 
a 
o E 
CO o 
CO t o 
o. o 
S.2 
CO D 
ZZ CO 
•" r ) 
2 H 
C/3 
0 0 
CO 
3 
O 
u 
3 
a* 
CO 
1-* 
•T3 
C 
CO 
CO 
c 
_o 
E c 
c 2 
O 1 ) 
' c o " O 
CO f ^ ^ 
m 
t^ 
X 
"E 
C3 CO 
O O 
< 1 
CO U 
1 g 
•t-> V i CO U 
CO d 
O '^ 
1 - 3 < ^ 
u P-, 
C3 1—1 
5 u 
< 
•o 
c 
CO 
0 0 
s 
O <U 
O CO 
CO O 
C X 
*- 5 u o 
• 4 - * ' ^ ^ 
« CO 
c: o 
CO — 
§ < 
C.S 
o 
12; 
C 
CO 
u 
X 
o 
t N 
in 
o 
J 3 
• ^ 
_o 
CO 
•»-> 
C 
C 
U 
>o 
r-
(L> 
•4-* 
CO 
o 
> 
E 
3 
c 
CO 
c 
o 
CO 
c 
.2 
"5 
•4—» 
E 
(4-1 
o 
c 
4-* 
CO 
CO 
CO 
4> 
CO 
CO 
O , 
O 
£ -o 1 > X 
"E 
c 
CO 
CO 
3 
O 
u 
3 
CO 
J 3 
4 - * 
" i - ^ 
^ 
c 
CO 
CO X 
J 
H 
CO 
a 
_o 
"« 
4-» 
E 
kM 
CO 
c 
"a, 
CO 
4-» 
C 
4> 
. C 
S i 
O 
CO 
TJ 
CO 
U 2 
_o 
(4-1 
o 
_o 
'> 
CO 
Xi 
u 
• — 1 
• — 1 
a, 
eo 
kH 
GO 
O 
4 1 
CO 
E 
o X ! 
u 
> 
E ^ 
kS flj 
.5 M 
c c 
i V 
c o 
. 2 ' o 
4 - i 
2 o 
4> ' J S 
E CO 
O 
o 
1 
CTN 
O 
o 
o 
CN 
-U 
S^  
1 
:5 
1 
S« o 
1 Si 
a 
^ 
s 1 
OS 
E 
CO 
SI 
on 
U 
of 
E 
u 
03 
J C 
C/D 
d 
& 0 
f n 
c^ 
o 
1 
o~ 
o 
o ( N 
SI 
K 
t 3 
1 
I 1 
2 
5 
k. 
5 
a. 
S 
3 
z 
> •% CQ 
c 
1 
3 
C/3 d 
ui 
O 
^ 
f 
C/5 
z 
C/) 
• ^ 
r~-
oo 
— 
1 
< N 
OO 
a\ 
o 
o 
( N 
5 
'i 
r*" 
k, 
1 t 
c 
CQ 
3 
Q 
> 
i n 
r-~ 
0 0 
I T ) 
r o 
1 
v n 
f O 
^^  
o 
o 
a t-3 K, 
• t i 
1 i 
g 
e 
k. 2 
S 
c 
'c5 
3 
1 
C/3 
LT 
3 
O 
" 3 
0 
f 
0 
> 
vd 
r~-
i n 
Pi 
B 
B 
o 
U 
B 
CO 
•5; u 
^ o ^ 
^ "S ^ 
ftOf^ o 
JS <S .-S 
(U X + 
I ^ (N 
c -r 3 
o ^ (J 
*w "S "2 
CO t " ^ 
.H S + 
^ ^ <=> 
o « c 
ur. .2 
J O tS 
[—I ^ ^ »-i 
1/3 
B 
< 
V 
3 
U 
C 
O 
U 
8 = 
C/3 
— X I O 
1.4 
a 
a 
o" 
o 
¥0 
CO c 
O «2 
to ^ '^ -
t/3 " S 
•a o 
> i ,2 IS . -III 
00 
o 
</3 (U 
l - l 
c/5 3 
" X 
"o •-
c £ 
'^ s: 
- O H 
O 4 j |_ 
.2 >< ^ 
*i o -o 
™ _. 
«-H O 
•« ^ ^ 
^ C ^ 
PS O "O 
S « S O c ''^  
t j c o 
C3 C3 '^ 
D , >^ T ' 
<U X K 
C/3 O Z 
cd 
c 
"5 o 
bO o 
c 
o 
.5 c 6 ° 
(U c 
•t^ i +-> , O 
cd a> 
6 S 
2 o 
o *-
^ S 
<.2 
T3 
c -a 
.2 S 
rt :2 
c/3 . X 
ON 
+ c 
00 ^ 
• w GO 
+ CO 
- O <U 
U cfl CO 
+ CI, 
N r= 
2 M> 
« . £ 
13 .S 
a, « 
'^  o 
•a <j 
5 -
c 2 ^ 
2 3 « 
(4^ c/3 bfi 
C . 0 
f3 ri2 
H i 3 C« 
c 
u 
T3 
C 
o 
.s 
= -Sc^ 
•fc- C« Q 
ed CO > ^ 
^ 2 -fi 
3 -S C^  
O . - O 
>> O g 
= E c 
•— o 
cd u J3 
.2 c: « 
C1,T3 4) 
D , O >> 
< E i2 
o 
c 
_o 
. . ed 
c/3 h j 
.2 & 
o ts 
— c 
td «« 
o 
E.2 
C ed 
° ,2 
•r fs 
S •" 
cd i-i 
^ 3 
• - X 
E'e 
.2 -^  
•o *-
«^  c 
S .Z. K 
O 
00 
-a 
c 
cd 
t/3 
Cd 
< 
oa 
C1. -0 
c 
cd 
-o 
u 
X 
cd 
E 
t-i 
o 
c 
3 
O 
<u 3 
O " 
Cd 
CO 
3 
_o 
'u, 
Cd 
> 
E ^ 
CO c 
o J2 
•"' "H, 
<u .~ 
C CO 
<Z = 
o U 
[ -
u 
CO 
cd 
O U 
C/3 k-
"> 
cd 
x: 
a 
X) 
CO 
l-l 
i ' ^ •<-• 
Cd C 
— u j 
p-l 
CO 
c3 ra 
U OXJ 
u 
i> o 
Cd • £ 
c o 
00 O 
l i '^ 
CX-O 
> 
Cd 
U 
J : 
c 
u 
u 
k . Cd 
u- E 
to 
C 
o 
•o 
c 
CO 
(U 
«d C 
cd O 
E J 
o ^ 
c a> 
C Cd 
CO Q -
O ^ 
> 
cd 
3 
O 
S U > 
c^  E 2i 
E 
3 ^^
 c 0 0 
>-• 
N 
«1 
<> 
CO 
00 
4> 
• * - » 
(4-1 
CO 
0 
J2 
0. 
0 
*-> CO 
00 
C 
o B 
I 
>o 
«^  
O N ( N 
wm 
»s 
0 
0 
0 
<N 
0 
0 
0 
rs 
0 
H V-, 
t i 
J^ 
^ 
V.' 
bo 0 
c^  
0 
Ik 
U 
I . 
^ 
-ii 
tt. 
> ^ 
f i d 
^ <0 
i5 
Ik 
' 0 
a 
> ca 
<* 
> 
u 
<1 
2 c/3 
. a. 
w -; 
T3 - U 
CO a 
E E 
E E 
cQ n 
JS JZ 
0 0 
ss 
•J 
01) 
< 
> 
T3 
CO 
E 
p 
BS 
J = 
0 
S 
^ 
•^  
'a-
2 
CD 
• 0 
cs )= 
E 
tl3 
SI 
0 
S 
< < 
r~- 00 
o 
oo 
u O 
on C 
c 
H 
S 
o 
U 
!^ 
E 
C 
CO 
c 
_o 
O 
c 
u 
-a 
c 
o 
u 
£X (J 
•i: S 
(U — 
JC 3 U 
H 
u 
> 
CO 
c 
o 
u 
c 
o 
C3 W 
§ £ E 
c 
CO 
o 
"ob o 
«5 i 
2 ^ E 
a> 
X 
u 
"S-E 
o 
o 
c 
o — 
CO 
o 
CO • -
— o 
.sic 
js a, 
•>-' ea 
.:i o 
••-• ••-» 
e« cd 
:S E 
a p 
u 
o o o 
E £ S 
o o -^ 
w c 3 
=> £ S 
c 
o 
u 
^ s § 
« 00 X 
•" "O ~ 
CO ' ^ O . T3 a, E 
c <u o 
CQ CU U 
00 
o 
tn 
C (/] 
O _3 
O "" 
CQ u 
"^ S 
C c/} 
CO O 
I - O 
Z o 
E e 
T <U 
• ^ H • 4 — ' 
Ur (/> 
• " > ^ 
J= "^ 
^ '5 
OS O 
(U O 
m _ o .< 
5 ^ U — . CO 
CO J3 
S CI, 
o 
« 3 
U 3 
0 0 ^ 
k - -4—1 
O C3 
CO « 
l-l V> 
p CO 
i) o 
to .— 
u g 
H on 
c 
o 
c 
CO 
00 
o 
c 
SI -a 
c '-> 
CO -O 
00 o 
U i C/} 
J= C 
u o 
l - l • " " 
a o 
c £? 
' ' CO 
00 E 
^ ^ 
^ ^ 
U CO 
C " D , « 
.2 o -
.2 cx-g. 
0 0 ^ ^ 
l-l ^ ^ 
o -2 o 
C l-l C 
OO 
(U 
to 
u 
c CO 
00 
c CO 
b 
E 
o 
rrl 
— 
— 1 ^ 
U 
00 
rri 
o 
" ^ 
CO 
C 
O 
•4iO 
C4-I 
l-l 
at 
a 
-a 
u 
• —^ 
to 
-5 
1 
u 
X3 
c > 
^ N 
O J-
o ^^ 
4j ( N 
O, (U 
O t'5 
o q 
c 
• 4 — • 
CO 
t i 
p , C ^^ 
(U O - ^ 
00 . i : o 
' S o ' 
3 ^ C ^ 
to •-
O W T3 
O ^ CO 
S = 3 
U 2 U 
o 4^  ^ 
(o J9-
g £ 
.2 S 
CO -f^ k. U 
CO 
a . CO 
55 « 
>. E 
c o 
o . t i 
CO c 
(4-1 
o 
c 
I - O 
9 -CO O 
— to 
w CO 
C J = u a. 
o ~ 
to ^ 
CO 
c 
1 B 
Sc2 
flj 3 
"O to 
« 2 
> o 
!> to CO - f ^ 
5 .2 -3 — 
• ^ - 4 - 1 
CO 
o ^ 
c « 
CO ^ 
3 O 
a'c 
00 
CO 
c 
b E 
is 3 ii 
• ^ + 
CO 
T3 
C 
CO 
>, £ 
J-j CO 
1) + 
£ " 3 
S< 
O t4_ 
o £ 
i-i O 
a> CO 
^ a, 
•t-< to 
« CO 
8 § 
CO 
3 O 
u 
3 
CO 
ii 
00 c 
CO 
'53 £ 
c ^ 
O —' 
to ^"^ 
£ CQ 
.2 < 
B u 
£ 00 
c 
o b 
CO 
CO 
l - l 
> 
l>0 
to 
C 
o 
o 
00 ^ C 
o > o 
C cj 
CJ u 
4> to 
CO 
£ 
2 - 0 £ J= C P 
y CO t»-
u 
c 
o u 
— CO r : : <u 
— ! - CO cj 
C CO I -
• ? 0 , - a 3 (U C O 
CO CO 00 
IT) 
s 
>/^  
CN 
s - ^ 
• < 1 -
0 
C/) 
(N 
/.^ ^ 
rr 
K 
:^ 
1 
m 
^ ™ 
rr 
«s 
, 
0 
0 
<N 
t) 
fS: 
10 
C3N 
0 0 
r^ cN 
O u-1 
O _ 
CN „ 
?3 
2 
III I 5*? bo >> 
?5 s 5 c 
> L _ : 
. CL C/) 
Ct ^ • 
. , «S c/0 
CS -O T3 
p to c« 
E S S i E E 
. £ CQ CO 
0 0 0 
J < < < 
— <N d • ^ 
00 00 00 00 
Pi 0 0 
E 
E 
o 
U 
u 
cs 
E 
v 
s 
V 
"O 
u 
• * - » rt 
o 
u 
crt 
(U 
••-' 
«) 
D. 
u 
J 
H 
c 
o 
(/J 
c 
o 
c 
cd 
V H 
O 
c 
o 
CO 
a, 
u c/o 
^ ' 
h 
>> 
rt 
o 
00 
c 
l - l 
l - l 
3 
o 
>» 
^ • ^ 
3 
C ] 
C 
C/3 
c 
o 
'5 
< 
a 
2 ^ 
O </5 
•(-< c 
o 5 
o o 
0) 
C cd 
IS ci, 
H to 
1/5 
u 
^ C/5 
O a> 
X CM 
u 
60 eo 
C C 
C »«„ -t! 
60^ 
3 
u 
u O .S 
0 0 
v« 
o 
a O. 
in 
f C 
2 =« 
.a J 
^ ^ 
^ - ^ 
•Si CO O 
^ CO ~ 
> -o < 
c '^  _, 
3 <L> c« 
O > C 
S 2 "^  
O CO f5 
« H c 
; C O O 
1/3 
CO 
c 
o 
u 
o 
CO M 
c 
CO 
< o U 
Q 
< c o 
• * - • 
CO 
H ^ ^ 
CO C/3 CO 
» ^^  •—' 
0 ,0 o 
< H U 
oo 
^^ 
^ ^ 
5 2'i 
•^ « '-a Z c: — Ll o :>^  
O w e 
§ -^ - -
CO 4-* J 2 
CO p" . — 
3 
u 
c 
CO 
on 
C 
o 
c CO 
CO 
.!> >^no 
13 «t! c 
o c 
•c S ^ 
O «+-! _C 
O S 3 
CO 
l - c 
CO 
a, 
u 
00 
o >^  
O X J 
CO C 
o a> 
x: '-
a. 00 
o .5 
a, « 
.2 "El 
00 
oo 
u J 
H 
x: 
4--> 
c 
CO 
J= 
Q. 
u 7^ 
X3 
O 
E 
CO 
C/1 
« 
•o u 
- 1 
CO 
CO 
^ 
O 
o 
^^  1 
X 
H 
C/5 
l-c 
o; 
>» CO 
^^ (U 
00 
CO 
o 
t/5 
c 
o 
c« 
c 
o 
•*" 
CO 
• 4 - * 
s 
>> 
> CO 
(U 
x; 
Vt-i 
O 
c 
o 
CO 
l - l 
CO 
cu 
CO 
CO 
u 
E 
CO • — 
i-pi CO 
•Xi cj 
0) 
o > , 
CO 
^-» 
o 
E 
» - CO 
o o o 
.~ o o 
o o S 
• D OOw 
* - 00 
.£ 2 
<u E c 
2J o .2 
CO i _ ' ^ 
j= x : rt 
'3-
<N 
C3N 
•ra-
00 
r-
^ 
o 
o 
S; 
^ 
iO 
S; 
s5 
C3 
C/5 
, :^ 
« 
>. 
• o 
C3 
Q . 
O 
jc: 
3 
2 
ui 
< 
b 
eo 3 
R) 
O 
i<i 
Qi 
iri 
0 0 
t-^ 
i / ^ 
• 
o 
tn 
<N 
o o 
<N 
c <3 
1 ^ 
^ 
0 
^ 
J ^ 
o 
r s 
^ 
1 
o 
o 
p 
w 
n 
> 
a 
X 
f3 
—^ 
c/i 
• • c 
<* 
X 
o 
o E 
3 
1/) 
CQ 
S 
t^ 
vd 
oo 
o 
o 
.5' 
5 
.Q 
<o 
i^ 
<< 
•§ 
!^  
- Q 
• ^  0 
. in 
13 
s 
5 
« J 
^ 
C3 
0 
a. 
0 
• 0 
0 
^ 
3 
u 
*5[ 
3 
S 
0 
. * c 
0 
C/5 
J 
S 
r-' 
0 0 
0 0 
1 
0 " 
^ 
f N 
0 
0 
fN 
• »^  
r s 
5D 
0 
G 
5 
re 
•i/. 
< 
. , 
UJ 
- 0 
re P 
re 
0 
S 
< 
0 0 
0 0 
E 
E 
o 
U 
!^ 
u 
n 
E 
00 
«2 
o 
C U 
O 1/3 
O, E 
c i; 
CO 
3 
O 
u 
3 
cr 
CO 
c 
a 
u 
(4-1 • -
o E 
"I 
1/3 
c 
o 
' c 
to 
c 
u 
u 
00 
<*- c 
o • -
w o 
00 " 
u 
o ^ cir^ c 
e« _ ^ ^ ^ ea 
6 o iJ ii £ 
O • — ea CO t ; 
- C 2 St St ^ 
ui O . O O ' ^ 
u « c c •^  
5^ «« rt « S 
«J «J " Crt 
X X .2 «j 
i 2 c  
.S O 
H CO ^ j s "t: & 
o 
00 2 
.S o 
GO • -
c > 
o c 
• - o 
13 " 
" c 
« ° 
U CO 
C CO 
tZ -^ 
**- D, O U 
o ^ 
p ™ 
o "5 
•g e . 
St t i 4> 
O g 4-1 
>» ea ^ 
C9 -4-1 "TT 
S <S u 
t/5 
c 
U 
2 
CO 
• * - ' 
(U 
E 
u 
0/J 
C3 
_c 
*o 
u 
_« o 
ea 
t-l 
b. 00 
O o 
>» -S • 
CO CO 1/3 
~ E c 
C o O 
P- O CJ 
0^ 
H 
. o 
S c (u o 
-<-> . ^ 
C/3 * - ' 
>^  5 
CO 
o. 
1/3 
o 
o u .-^ 
J2 '^ — 
•> t 2 -^ 
55 "3 'S 
CO 00 C 
0 3 1 ^ 
"^ J2 CO 
c E o 
•^ u — 
CO 22 : S 
I - O -^^ 
^ o 5 <u »_, P 
CO 
C 
o 
CO 
U 
•4—» 
CO 
O .2 
• — CO 
c 5 3 
5 •*- CO 
. 2 CO -
I - ^ C W 
. 0 « o . i i 
E ci, 
^ <o 
" 3 , . 
"^  o 
<u _E 
A* CO 
C 
« 2 
^ E 
•I S 
C CO 
S = 
CO CO 
CO 
o cj 
o CO 
ON 
CO 
o o 
CO CO 
o o . 
(U (U 2o 
2 E D, 
00 
o 
-4-1 
CO E 
o 
u 
(L> u 
U 
"s ^  
CO o 
£?£ 
1) . -
3 CO 
a, 00 
•^5 o I 
CO 
CO 
3 
s:s § 
— 0 , 0 -
CO 
u c 
0 0 CO 
> c 
S o 
• ^ • ^ 
c " 
> <^  
5 E 
j = ^-J — 
k< 
, 0 
<4- l 
E 
• 4 - * 
CO 
>. CO 
C 
u 
> 
0 
CO 
M 
V 
> 0 
Z 
c 0 
l_l 
U^ 
> 
b 
U 
C4-1 
0 
c 
0 
• ^ 
CO 
V-i 
CO 
u 
CO 
s •^ 
o« E 
CO - C « 
o -^ >. 
C « CO CO 
S C — 
" O • 
t3 -^ £ 
C CO r -
CO CJ * 3 
£ 
> 
CO 
U 
u 
2 6 
I 
O 
3 •«' 
i'i 
00 
fs| rn 
(N — 
(N — 
o o 
(N <N 
u 
CJ 
? S -G 
o s-
II 
0 0 C/2 
< I 
> • > - • 
o 
_ pS: 
E 2 
• - u 
I _: 
> ? 
... u 
' 5 - c/5 
13 -o - a -o 
CQ CQ n j C3 E 
E 
E 
E 
E 
£ 
CQ CO CQ CQ 
J= J= J5 ^ 
0 0 0 0 
S S S 2 
Ov O — (N 
00 0^ ON ON 
B 
B 
E 
o 
U 
£ 
0^  
OS 
1/5 
CO 
c j = 
O Q , 
P -a 
= • $ . 
• • - • ^ 
«j . -
c •^  
c eo 
C U 
o := 
• ^ • ^ 
to t ) 
u ^ 
-1 5 
CM 
"a 
«u 
C/3 
c 
o 
.2 "3 I 
2 " 
-I 
o . -
CO CO 
a a 
-o ^ 
CO ^ 
C CO 
O C 
•:= o 
CO • ' " 
CO CO 
-I 
u 
CO 
CO ? ^ 
. CO eo M^ S o 
o so 
c S 
.S 2 
1> i2 
ON 
> 
CO C 
i S^  " 
&0 CO 5 
C C ^-v 
CO 
c -o 
o y 
eg • -
" ^ 
"« S 
a> I 
E c 
3 
u (U 
o T3 E u 
H to 
c e 
o o 
5 x: E o-
o 
i J CI, 
T 3 CO 
CO 
C 
_o 
"eo 
o 
*-» 
u 
c 
.2 u 
CO . -
«- > 
O to 
2 «» 
>» E 
CO ^ 
— _c 
C CO 
. - ^ • * - • 
CO CO 
•5 ci. 
o =^  
— CO 
E c 
(U £ 
o . -
•i^  
'S S 
u •*-> 
•— CO 
s >^  
CO CO 
c 
C 
O 
.2 5 
X > 
6 ^ 
o ^ 
CM • -
O w 
-o (U 
o. 
c 
o 
> 
u 
"O 
ka 
o 
>-» JO 
t» 
• w 
£ 
c £ 
k. 
CO 
M B 
u 
c 
p 2 
k. ^ 
3 
to - a 
CO 1 > 
~ « j 
o O 
k. CO 
^ «« 
o o — 
o«i= ' 
j = . - > D,:r 
o ^^ 
-<-• 3 
to O 
CO . H 
^ E 
c 
o 
CO 
c 
o 
CO 
o 
c 
_o 
' c CO 
• l 
• CO 
0) 
CO 
CO 
x : 
a 
ON 
_ P 
U O 
bD P 
CO 
o 
c 
O 
to 
C 
_o 
'c 
CO 
«r) 
O 
Ui 
3 
O 
CI • " 
C 
u 
c 
o 
ex 
s 
o 
o 
o 
•l-> 
60 
_c 
' t o 
3 
3 
CJ 
c 
CO 
tiO 
O 
o 
c 
o 
o 
CO 
CO 
3 
O 
(U 
3 
cr 
CO 
k i 
o 
to 
to CO 
CO to 
P:S S 
CO 
X) U 
O ^ 
•P i 
T3 
CO c 3 Jo 
§2 
CO CO 
> 
*-' CO 
c c 
« O 
cE 'p 
H CO 
o 
'c 
CO 
O CO 
•- .H 
3 —. 
2 '^ 
^ "^  
CO u 
O CO 
p S 
O t/5 
to C 
< 2 
i d s 
= , ' E 
« .2 O, 
-p 2 u 
2 o c 
CO t o CO 
^ M 
VO 
1 
</^  
o 
o 
<N 
§-
^ bo 
o 
5 
•^  
6 
u 
x> 
Z 
. * 
CQ 
C3 
00 
< 
> • 
• o 
CO 
£ 
E 
CO 
. n 
o S 
< 
rn 
CT-
i n 
T f 
1 
1 / ^ 
r<^  
en 
O 
o 
CN 
^ 
CI, 
S^  
5 
,^ 
<o 
C3 
C 
4) 
C/3 
j j 
c75 
± 
> 
T3 
C3 
E 
E 
ca j = 
o S 
< • 
• * ' 
<3^  
1 
NO' 
<^ 
o 
o CN 
t 3 
1 
1 
^ 
O 
2 
o 
U 
2 
^ 
c. 
^ 
5 
^ 
TO 
C= 
to 
U) 
0 
, , TO 
E 
CO 
r-
C/5 
d 
c/i 
i/-i 
ON 
e 
S 
E 
o 
U 
, ** 
05 
so 0\ 
-^ "St 
ea o 
V3 
c 
V 
CO 
o •= 
c 
CO 
O 
IS 
bO 
_C 
'co 
CO 
CO C 4 
o "^ 
a •*-> 
o * 
. - o 
•t-t • - • 
2 ^ 
(X, 
Q 
Z 
^ dJ 
<L> CO 
C CO 
O JS, 
CO 
c 
o 
• * - ' 
o 
• 4 - ' 
CO 
o 
I 
4-* 
3 
O 73 
C bO 
O C 
60 
c 
"a 
6 o 
u 
CO 
as 
o 
CO 
CO 
V4 
cd 
a, 
00 
CO 
3 
H 
» 4 
C l i i- i 
T3 
U 
e 
i-i 
, 0 CO 
u a 
^ 11 
» - — 
CO 
If 
-^ O 
C4-I •(-> 
H g 
H CO 
CO 
C 
o 
a 
o 
C«- l 
O CO 
l-c U 
O ea 
> • _ ™ 
ca — J - « 
p CO 
IS ^ 
2 § 
ea o 
ez 
o ca 
I-I •*-• 
U S 
00 
CO 
t - i 
U 
ea 
b 
C4-1 
o 
S|i 
ns o « 
^ g o 
CO * - ' r" 
c ea i 3 
o :;:; <u 
_ <u c 
0 I O 
«*-, « o 
o o is 
U ^ ^ 
ea 
B 
I - I 
> '^  
c/0 .2 
_ XJ 
ea ^ 
'*^  .2 
CO 5 
a> CO o 
X5 
o 
3 " 
C4-1 
O 
c 
o 
.S cx 
ea u 
o 
u 
CO . M 
C "^ 
.2 § 
O, CO 
'-' C 
CO . X 
r2 o 
C O 
. 2 CO •--
ea CO ^ 
o 
ea 
Ui 
<u 
G. 
o 
u 
c 
o 
00 « O 
CO ^ ea 
3 ex CJ 
X .— .2 
OS 
bg 
"EH 
.2 <! 
CO i<5 
C - ^ 
o o 
CO < = 
1 ^ 
- . 2 
e e I 
>> e 
^1 
0) o 
•C ,ea 
O 3 
CO «« 
« J = 
• •-* *r^  
(U 
> 
ea 
c 
ea 
3 
CO > 
•^ c 
g ea 
CO 
ea 
+ 
I - I 
lU 
*- *rJ ? 
3 
• « — • 
CO 
u 
CO 
I - I 
ea 
ea 
0 
"g 
I-I 
o -^ 
ea . s cu 
2 »-
•^ 1) 
to a, 
U CO 
CO 
C 
O 
ea 
• * — • 
> 
ea 
<u 
X 
ea 
<u 
X 
o c 
u ea 
a> Si 
c *-
ea o 
c*^ «*^ 
o o 
4 - 1 CO 
C ea 
- cx 
5 3 
ea c 
- o ^ 
a '*" 
ea o 
c c 
o o 6 «=^ -2 .2 
7 ; / l l -t-" • ^ 4> U ea ea 
ea 6 
cii'-S 
U CO 
CO U 
T3 
c 
ea 
1 ^ • > -
ea • -
c ^^ 
• 3 C 
G o 
. S ui 
"u "I! 
O" O . 
^ ci: o 
^ • 2 3 0) -^ 3 
.ti ea 3 
5 <" 3 
j D CO J : . 
ON 
m 
— i n 
r^ 
— 
^ « S 
^H 
r. 
r<-i 
0 
0 
< N 
,^  CJ 
i . 
I4> 
0:; 
"-^ g s: 
2i 
j ^ 
•*-0 
2 
^ 
• ^ 
^ 
:5 
§ 
5 
_ 3 
a 
0 
^ 
. » . 
' 3 
0^ 
1 
r^  
o^ r^ 
0 
, 
m 0 
0 ( N 
SJ 
i r i 
0 
^ ™ 
1 
0 0 
r i 
»s 
•<5-
0 0 
fN 
. 
" 0 
"2 
5 
. • 
c^  
^ 
. 0 
^ I 
>: 
*< ^ 
d 
•—• 
0 
m 
i ^ 
1 
r^ O J 
Ov 
•^  
0 
0 ( N 
, 
Cj 
fi: 
•^  
5 
'G 
C<; 
O t> t^ c/) ~ 
S 5 
3 
0 
4 ^ 3 
(Q 
S 
cJ 
cd 
0 
V5 
J 
S 
vd 
ON 
f 
\J 
^ 
•^  
.c 
•5 
>5 
cd 
t/1 
ii i2. 
< 
t^ 
0^ 
a 
< 
> 
• *, • 0
CO 
E 
P m 
r-
0 
S 
< 
0 0 
0 
re 
u 
X 
&o 
• r> 
• 0 
re P 
P 
re 
r-
0 
2 
< 
<> 
O N 
^ 
V 
Q^  
Vi 
C 
E 
E 
o 
U 
^ 
u 
A 
E 
Oii 
•^ ^ 
>, 
*« 
C 
< 
« 
o 
o 
2 
"5 
U 
E 
1 
c 
o 
3 
'i 
E 
> 
x: 
o 
U 
Cu 
CQ 
•4—• 
ii 
E 
> 
CO 
u 
l - l 
• « i ^ 
D 
O 
c 
CO 
e 
<2 
•d 
o 
o 
c. 
60 
'a 
• 4 — • 
c o 
o 
CO 
o. 
(U 
o 
P 
1/2 
c 
o 
• 4 - * 
CO 
u 
"cO 
• * - • 
E 
>» 
> T3 
<*H O 
2 ^ 
6 0 - -
CO c« 
E = 
o .2 h *-
o 
^ "O t -
r r j C C 
1) — — 
j 3 > C 
Q. 'o E 
« "^ o 
x> "S *-
2 § <= 
E M O 
60 O i2 
C 4> 2 c/i 
« "S tS o 
O «<-| 3 CO 
cj O (« c j 
O 
O 00 
4> E 
iZ O 
u —' 
"E Z 
o «" 
CO • -
C 3 
rt o 
o-CJ 
"O >—1 
c H 
c« . 
o .2 
z 
c 
C3 
^-^ 
3 .O 
U w 
O 
.— c 
E 1 
V5 E 
IS 
« .2 
— o 
CO a j 
U -o 
£ 
• * - » 
CO 
C/1 
4 - ^ 
C 
<u 
_> 
O 
JO 
" o 
CO 
_c 
( /3 
CO 
o 
o 
x: 
ex 
O 
IS 
CO 
.•^ 
2 
•T3 
C 
CO 
3 
u ( 4 - 1 
o 
,E 
E 
u 
• 4 - * 
CO 
c 
CO 
U 
H 
f S 
o 
( 4 - 1 
o 
c 
o 
•4-t 
CO 
Ui 
CO 
Cl. 
u C/] 
(2 
3 
>> 
13 
> 
• 4 ^ 
o 
u 
c/] 
CO 
O 
1 
Cu 
o 
• • • 
"eo 
4—• 
T3 
C 
CO 
E 
3 
•5 
o 
(J 
( f l 
o 
c 
o 
CO 
l-l 
CO 
CX 
u 
C/3 
O . 3 
•« 2 O 4= 
• ^ VH 
C3 t j _ [/3 ^ CO O 
>. E 
Vi 60 
c o 
CO <U .S 
?i ^ o 
C CO (u 
o w t-
o ^ <u 
.2 o > 
c is w 
. 3 O -(« ii 1 
.2 « :2 
—, 60 C 
2 o ^ 
E > CO 
u 
CO ^ 
x : CO 
C/3 JZ 
^ 2 
o 00 
^ 2 ^ S « 
P 
c« w r 
(U t - O 
ex 2 u 
C S" >^  C O CO 3 1 - — 
_ •4-> 1 
S " c 
^ 4) - 3 
' i _ — J 3 
• M U 4-> 
rr\ 
t~~ 
r^  
w^ 
o 
o 
^ • J 
( J 
^ 
-ST 
o 
.2 
•^ 
ca 
< t l 
(A, 
X 
> • 
•a 
CO 
b 
E 
^ O 
s 
< 
o 
o 
ON 
1 
•rt 
O 
o 
r 
^ 
ft 
•5: 
U 
•§ 
2 
.^ 
G 
«« 
,^ 3 
C 
3 
u 
s 
c 
o 
t o 
J 
3 
^ k. (0 
C/3 
CJ 
, I 
o 
ON 
1 
• ^ ^ 
o 
o 
c 
"S 
05 
_ C 
N 
O 
u. 
- J 
u 
u 
•o 
> 
"^ 
d 
> 
-^ n 
'^  
^ 
^ 
rfi 
cJ 
t/2 
^ 
c 
E 
3 
(') 
CU 
< 
( N 
O 
66 
REFERENCES 
1. F.F. Runge, "Der Biddungstriebder Stoffe" Verenschlaulicht in 
Selbstaqndiggewachsenen Bedern. Sebsterlag Oranenberg, 
Germany (1855). 
2. F. Goppelsroeder, Verk Naturforsch, Ces. Basel, 1861, 3, 268. 
3. C.F. Schonbein, Verk, Naturforsch. Ces. Basel, 1861, 3, 249. 
4. E. Fischer and E. Schmidner, Annalen, 1892, 272, 156. 
5. L. Reed, Proc.Chem. Soc, 1893, 9, 123. 
6. D.T. Day, Amer. Phil. Soc, 1897, 36, 112. 
7. M.S. Tswett, Ber. Deut. Boatan. Ges, 1906, 24, 235. 
8. R. Kuhn and E. Lederer, Ber., 1931, 64, 1349. 
9. R. Kuhn, A. Winterstein and E. Lederer, Hoppe-Seyler's Z. 
PhysiolChem., 1931, 197, 141. 
10. A.J.P. Martin and R.L.M. Synge. Biochem. J., 1941, 35, 91. 
11. A.J.P. Martin and R.L.M. Synge, Biochem. J., 1941, 35, 1358. 
12. M.W. Beyerink and R.L.M. Synge, Biochem. J., 1941, 35, 1358. 
13. H.P. Wijsman, D. De Beshouwdals, Mengsel Van. Mattase en 
Dentrinase Amsterdam 1898. 
14. N.A. Izmailov and M.S. Schraiber, Farmatsiya (Sofia), 1938, 3, 1. 
15. C. Lapp and Erali, Bull. Sci., Pharmacol, 1940, 47, 49. 
16. J.E. Meinhard and N.F. Hall, Anal. Chem., 1949, 21, 185. 
17. H. Jork, W. Funk and H. Wimmer, Physical and Chemical 
Detection Methods: Fundamentals, Reagents I; Thin-Layer 
Chromatography Reagents and Detection Methods, Vol. la; VCH 
Verlagesgesellschaft: Weinheim, FRO, 1990, p. 464. 
67 
18. N. Fatima and A. Mohammad, Sepn. Sci. TehnoL, 1984, 19, 429. 
19. A. Mohammad and N. Fatima, Chromatographia, 1986, 22, 109. 
20. A. Mohammad and S. Tiwari, Microchem. J., 1991, 44, 39. 
21. N.V.K. Nanda and Y.P. Devi, J. Assoc. Offic. Anal. Chem., 1981, 
64, 729. 
22. J. Maslowaska and Z. MIodzikowski, Chem. Anal., 1986, 31, 193. 
23. H.J. Issaq and E.W. Barr, Anal. Chem., 1977, 49, 189. 
24. R. Kuroda and K. Oguma, Anal. Chem., 1967, 39, 1003. 
25. R. Kuroda, N. Kojima and K. Oguma, J. Chromatogr., 1972, 69, 
223. 
26. K. Oguma, J. Chromatogr.. 1969, 42, 96. 
27. K. Oguma, Talanta, 1969, 16, 409. 
28. K. Oguma and R. Kuroda, J. Chromatogr., 1970, 52, 339. 
29. K. Oguma and R. Kuroda, J. Chromatogr., 1971, 61, 307. 
30. K.Oguma, K. Sato and R. Kuroda, Chromatographia, 1993, 37, 
319. 
31. Y.Q. Feng, M. Shibakawa and K. Oguma, Chromatograhia, 1995, 
41,532. 
32. K. Oguma, K. Inoue, Y. Fujinaga, K. Yokota, T. Watanable, T. 
Ohyama, K. Takeshi and K. Inoue. J. Toxicol. Toxin Rev. 1999. 18. 
17. 
33. R. Bhushan and S. Joshi, Int. J. Bio-Chromatogr.. 1998. 4, 95. 
34. R. Bhushan and R. Agrawal, Biomed. Chromatogr., 1998, 12, 322. 
35. J. Sherma, Anal. Chem., 2004, 76, 3251. 
Cfiapter-II 
Vse of Sodium Bis (2-etfiyC fie^C) suCfocussinate 
(^(yi)Anionic Surfactant MoSik <Pfiase Systems in 
iMn-Layer Cfiromatograpfiy of Amino Acids' 
SimuCtaneous Separation of 
Tfiioamino Acids 
68 
2.1 INTRODUCTION 
Thin layer chromatography (TLC) being simple and cost 
effective has been used by several workers (1-4) as an analytical tool 
for rapid analysis of amino acids and heavy metal cations. Most of the 
workers have used silica gel (5-7), alumina (8,9), cellulose and 
cellulose derivatives (10,11), chitin and chitosan (12,13) and 
polyamide (14), as layer materials in combination with aqueous, 
mixed-organic and mixed aqueous-organic solvents as mobile phase. 
Salting out reversed-phase TLC has been successfully employed for 
rapid analysis of dansylated amino acids by T. Cserhati et al. (15). 
Interesting separations of racemic aromatic amino acids have been 
reported on cellulose layers using concentrated aqueous solutions of a 
or P cyclodextrins (16,17). Ravi Bhushan and co-workers have 
achieved improved separations of closely related amino acids on 
surface-modified silica gel layers (18,19). 
Micellar liquid chromatography (MLC) involving the use of 
surfactant ions above their critical micelle concentration (CMC) in 
mobile phase has been the focus of numerous separation studies (20-
23) since its inception in 1977 by Armstrong and co-workers (24). 
With the aim of utilizing advantageous features such as 
inexpensiveness, non-toxicity and non-inflammability of surfactant-
mediated mobile phase, a novel microemulsion system consisting of 
sodium dodecyl sulfate (SDS), as one of the components, was proposed 
by A. Mohammed et al. (25) to achieve certain important separations of 
amino acids on silica gel layer. 
Traditionally, the enhanced separation efficiency of micellar 
systems has been achieved by adding small quantities of organic 
additives e.g. 1-propanol or 1-pentanol (26,27). However, in the 
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present investigation we have realized improved separation efficiency 
for coexisting sulfur bearing amino acids with a hybrid mobile phase 
system consisting of micelles of AOT [Sodium bis (2-ethyl hexyl) 
sulfosuccinate, anionic surfactant], DMSO (dimethyl sulfoxide) and 1-
butanol. Interestingly best separation was possible only when the 
concentration of 1-butanol was kept above 50% in the mobile phase. 
Thus deviating from earlier findings (26,27), our results establish 
higher concentration of alcohol in combination with micellar systems 
for achieving analytically different separations. 
To the best of our knowledge, no work has been reported on the 
use of AOT micellar solution containing 1-butanol and DMSO as 
mobile phase in the analysis of amino acids by silica TLC. 
DMSO was selected because of our past experience (28) that as 
being an aprotic dipolar solvent with hard oxygen and soft sulfur, 
which provide numerous separation of inorganic substances by 
solvating cationic species in preference to anionic species. Recently, 
DMSO has been utilized by S.D. Sharma et al. (29) as the mobile phase 
for TLC of amino acids on titanium tungstate. 
The aim of this study is to separate L-Cys-Cys, L-Cys and L-Met 
from their coexisting mixture with TLC technique. The separation of 
sulfur bearing amino acids is very important because of the following 
reasons. 
(a) L-Cys-Cys is dimcric form of L-Cys and it is easy for these 
amino acids to interchange under favourable conditions. 
(b) As far as we are aware, the mutual separation of L-Cys-Cys, L-Cys 
and L-Met by TLC has not been reported. 
(c) L-Met and L-Cys both are necessary for human being, but only L-
Met is considered as essential amino acid and could be taken from 
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food and drugs, whereas body forms L-Cys under metabolic process 
of L-Met present in adequate amount. Food and drugs are considered 
as contaminated, if L-Cys is present even in small quantity and it can 
be identified by separating from L-Met by the proposed TLC 
technique. 
Though HPLC, GC and electrophoresis techniques are available for the 
analysis of amino acids, TLC being inexpensive is more suitable for routine 
analysis. Furthermore, TLC would be amendable as a pilot technique for 
column chromatography. 
2.2 EXPERIMENTAL 
All experiments were performed at 30+5 C apparatus. 
Apparatus: A TLC applicator (Toshniwal, India) was used for coating 
silica gel on 20x3.5 cm glass plates. The chromatography was 
performed in 24x6 cm glass jars. A glass sprayer was used to spray 
reagent on the plates to locate the position of the spot of analyte. 
Chemicals and Reagents: Amino acids and DMSO (CDH, India), 
methanol, ethanol, 1-propanol and 1-butanol (Qualigens, India), silica 
gel 'G' (E. Merck, India) and aerosol-OT (BDH, England). All 
reagents were of Analytical Reagent grade. 
Amino acids studied 
L-tryptophan (L-Trp), L-iso-leucine (L-Ile), L-hydroxy proline (L-
Hyp), L-proline (L-Pro), L-arginine (L-Arg), L-lysine (L-Lys). L-
cysteine (L-Cys), L-cystine (L-Cys-Cys), L-melhionine (L-Mct), L-
valine (L-Val), glycine (Gly) and L-serine (L-Scr). 
Test solutions 
All the test solutions (1%) except L-Cys solution were prepared 
in demineralized double distilled water with a specific conductivity 
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(k=2xl0"^ ohm"' at 25°C). 1% Solution of L-Cys was prepared in 0.1% 
aqueous HCl solution. 
Detector 
0.3% Ninhydrin solution in acetone was used to detect all the 
amino acids. 
Stationary Phase 
Silica gel 'G' . 
Mobile Phase 
The following solvent systems were used as mobile phase. 
Symbol Composition 
M, O.OOOIM aqueous AOT 
M2 0.00IM aqueous AOT 
M3 O.OIM aqueous AOT 
M4 M2 + 1-butanol (9.5: 0.5 v/v) 
M5 M2 + DMSO+1-butanol (1:2:9; v/v) 
Mft M2 + DMSO + 1-butanol (2:2:8; v/v) 
M7 M2 + DMSO + I-butanol (3:2:7; v/v) 
Mg M2 + DMSO + 1-butanol (4:2:6; v/v) 
M9 M2 + DMSO + 1-butanol (3:2:9; v/v) 
M,o M2 + DMSO + 1-butanol (3:2:8; v/v) 
M,, M2 +DMSO + 1-butanol (3:2:6; v/v) 
H2O + DMSO + 1-butanol (3:2:7; v/v) 
Ml + DMSO + methanol (3:2:7; v/v) 
M2 + DMSO + ethanol (3:2:7; v/v) 
M,2 
M,3 
M,4 
M15 M- + DMSO +l-propanol (3:2:7; v/v) 
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Preparation ofTLC Plates 
The plates were prepared by mixing silica gel with water in 1:3 
ratio with constant shaking until homogeneous slurry was obtained. 
The resultant slurry was applied on the glass plates with the help of a 
Toshniwal applicator to give a 0.25 mm thick layer. The plates were 
dried in air at room temperature and then activated by heating for 1 h 
at 100+5°C in an electrically controlled oven. The activated plates were 
stored in a close chamber at room temperature until used. 
Procedure 
Test solutions (approx. 10 fil) were applied by means of 
micropipets approximately about 2.0 cm above the lower edge of the 
plates. The plates were developed in the chosen solvent system by the 
ascending technique. The solvent ascent was fixed to 10 cm in all 
cases. After development was complete the plates were withdrawn 
from glass jars and dried at room temperature followed by spraying 
with freshly prepared ninhydrin solution. All amino acids except L-Pro 
and L-Cys-Cys appeared as violet spots on heating TLC plates for 15-
20 minutes at 100+5^. L-Pro and L-Cys-Cys produce yellow spots. 
The RL (RF of leading front) and Ry (RF of trailing front) values for 
each spot were determined and the RF value was calculated as: 
R, =— 
2 
Separation 
For the mutual separation, equal amounts of L-Cys, L-Cys-Cys 
and L-Met were mixed and 20 |il of the resultant mixture was loaded on 
the TLC plates. The plates were developed with mobile phase M7 the 
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spots were detected and the Rp values of the separated amino acids 
were determined. 
Interference 
Investigating the effect of metal cations on the mobility of amino 
acids is an important aspect because in metalloprotein, amino acids and 
metal cations are the building blocks. For investigating the interference 
of heavy metal cations on the separation of co-existing 
L-Cys, L-Cys-Cys and L-Met. An aliquot (10 |il) of foreign substance 
was spotted along with the mixture (10 \i\) of L-Cys, L-Cys-Cys and L-
Met and chromatography was performed as described above with M7. 
The spots were detected and the Rp values of amino acids were 
determined. 
Microgram Separation of L-Cys from L-Met and Vice Versa 
For this study TLC plate was first spotted with 0.01 ml of the 
L-Cys (10 |ig) solution and then with 0.01 ml from a series of standard 
solutions of L-Met containing 0.1 mg-1.2 mg per 0.01 ml onto the same 
TLC plate. Simultaneously another chromatoplate was first spotted 
with 0.01 ml of L-Met (10 |ig) solution and then with 0.01 ml of the 
standard solutions containing 0.1 mg- 1.8 mg L-Cys per 0.01 ml onto 
the same TLC plate. The spots were dried and the plates were 
developed with M7 and the separated spots were visualized. The RL and 
RT values were calculated for both the sulfur containing amino acids. 
Limit of detection 
The identification limits of various amino acids including L-Cys, 
L-Cys-Cys and L-Met were determined by spotting different amounts 
of amino acids on the TLC plates. The plates were detected as 
described above. The method was repeated with successive lowering of 
the amount of amino acid until spots could no longer be detected. The 
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minimum amount of amino acid tiiat could be detected was taken as the 
limit of detection. 
Quantitative determination of the L-Cys by TLC-spectropho-tometric 
methods 
For spectrophotometric determination,0.01ml of L-Cys of 
different strength (0.5-3.5%) containing 0.05-0.35mg L-Cys were 
treated with 5ml of methanol and 2ml of 0.3% ninhydrin (in acetone) 
and heated in a oven at 100°C for 30 mins. After cooling, the solution 
was diluted up to lOmlwith methanol. The absorbance of the developed 
color was measured spectrophotometically against at 530 nm (A^ max) 
using 1cm cells and a standard curve was constructed. 
The devised TLC method was applied to the determination of 
L-Cys after their chromatographic separation from L-Met and L-Cys-
Cys. For this purpose, 0.01 ml of L-Cys of different strength (0.75-
3.25%) containing 0.10-0.30 mg L-Cys were spotted onto TLC plates, 
followed by spotting 0.1 mg each of the L-Met and L-Cys-Cys solution 
onto the same spots with a micropipette and the development was made 
as usual with M7. Pilot chromatograms were run under similar 
conditions to ascertain the actual position of the spots on pilot plates, 
which were detected using the ninhydrin reagent. The same portion of 
the experimental plates was scratched out and L-Cys present in these 
portions were extracted with small volume of methanol, 5ml being used 
for complete elution. A chromogenic reagent (2 ml of 0.3% ninhydrin 
in acetone) was added to the filtrate and heated in oven at 100°C for 30 
mins. After cooling, the solution was diluted to 10 ml with methanol. 
The absorbance of the purple-pinks (pinkish purple) color so developed 
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was measured spectrophotometrically against a blank at 530nm (A-max) 
using 1 cm cells. The L-Cys content after its separation from L-Met and 
L-Cys-Cys was determined from the standard curve. 
2.3 RESULTS AND DISCUSSION 
Optimization of mobile phase system 
In order to select a most appropriate concentration of an anionic 
surfactant, we used 0.000 IM-O.OIM aqueous solutions of AOT. This 
concentration range was selected to keep the concentration of 
surfactant below, near and above critical micelle concentration (CMC) 
value. The reported CMC value of AOT is 0.00064M. 
Although in pure water, most of amino acids produce diffused 
spots. L-Cys-Cys remains at the point of application in the form of 
highly compact spot. 
The result of the mobility pattern of amino acids on silica layer 
developed with M1-M3 mobile phase e.g. 0.0001- O.OIM AOT are 
summarized in Table 2.1. It is evident from this Table that all the 
studied amino acids except L-Cys-Cys show higher mobility (or high 
Rp value) regardless the concentration level of AOT. L-Cys-Cys 
remain at the point of application (Rp=0.0) and hence it can be 
selectively separated from all other amino acids mentioned in Table 
2.1. The AOT in water acts as tailing reducer producing more compact 
spots. It appears that amino acids are preconcentrated in hydrophobic 
pool of AOT micelles via non-covalent interactions similar to SDS 
(30). Thus amino acids are available at enhanced concentration level to 
react easily with ninhydrin producing more compact and brighter spots. 
Taking into consideration the compactness and the clearer 
detection of spots the mobile phase M2 (0.00IM AOT) is selected for 
further studies. 
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Synergistic Effect of 1-butanol on Mobility of Amino Acid 
The improved chromatorgarphic performance of surfactant 
mediated mobile phase in the presence of alcohols have been reported 
(3). Therefore, we added 1-butanol in M2 (O.OOIM aqueous AOT) and 
the resultant mobile phases were used to understand the mobility 
pattern of amino acids. The results obtained with M2 and M4 have been 
plotted in Figure 2.1 as ARp values (Rp in M2-RF in M4). From Figure 
2.1, it is clear that in general the mobility of almost all the amino acids 
is decreased in the presence of 1-butanol as evident by positive values 
of ARp. Contrary to our hope this lowering in mobility of amino acids 
does not produce improved separations. 
As the mutual solubility of 1-butanol and O.OOIM AOT (M2) is 
very low (maximum solubility of 1-butanol in AOT and vice versa was 
9.5:0.5; v/v) at normal room temperature, we concluded that it would 
not be possible to achieve important separations using mobile phase M4 
until mutual solubility of these two partially miscible liquids is 
enhanced. For this purpose, unique solubilizing property of a polar 
aprotic solvent (e.g. DMSO) was utilized by adding it as a third 
component into M4. The resulting solvent systems (Ms-Mg) containing 
a fixed volume of DMSO and variable volumes of AOT (O.OOIM) and 
1-butanol were tested. The Rp values of amino acids obtained on silica 
gel 'G' layers developed with Ms-Mx are summarized in Table 2.2. 
It is clear from lable 2.2 that mobility of most of the amino 
acids increases with the decrease in volume ratio of 1-butanol. Amino 
acid such as L-Pro (Rp range 0.33-0.37) and L-Cys-Cys (Rp=0.0) can 
be selectively separated from most of amino acids using M5 to Mg. 
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Whereas M7 was found useful for specific separation of L-Cys-Cys 
( R F = 0 . 0 ) from L-Met ( R F = 0 . 5 3 ) and L-Cys ( R F = 0 . 2 3 ) . 
The higher mobility of L-Met compared to L-Cys in 1-butanol 
containing mobile phase (M7) may be explained on the basis of size of 
hydrophobic tail. The structures of amphipathic molecules (e.g. amino 
acids and AOT) are stabilized by hydrophobic interaction among non-
polar regions (31). Thus L-Met being non-polar than L-Cys (Polar) 
migrates faster on TLC plates developed with M7 containing 1-butanol 
(moderately polar solvent) as one of the components of mobile phase. 
In case of L-Cys-Cys, there is no mobility and it remained at the point 
of application (RF=0) . L-Cys-Cys is a covalently linked dimeric amino 
acid, in which two L-Cys molecules are joined by a disulfide bond. The 
ends of the L-Cys-Cys molecule interact with free hydroxyl group of 
silica gel analogous to phenol (32). 
Thus M7 was considered the most suitable mobile phase as it 
facilitates the mutual separation of sulfur containing amino acids 
L-Cys, L-Cys-Cys and L-Met (Figure 2.2). 
Importance of AOT and 1-butanol in Mobile Phase 
To understand the importance of AOT in M7 for the specific 
separation of L-Cys-Cys from L-Met and L-Cys, the composition of M7 
was changed and the resultant solvent system (Mi2) was used as eluent. 
The separation of L-Cys and L-Met is hampered in the absence of AOT 
(M12) due to overlapping of L-Met and L-Cys spots (Table 2.1). 
In order to show more clearly the effect of 1-butanol, the 
chromatography of amino acids was performed with mobile phase 
systems (M7, M9-M11) prepared by varying the concentration of 1-
butanol and keeping the concentration of AOT and DMSO constant. 
The results obtained with M7, M9 to Mn are presented in Figure 2.3. It 
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is clear from Figure 2.4 that mobility of most of the amino acids 
increases with the decrease in volume ratio (or concentration) of 1-
butanol, except L-Cys-Cys (RF=0) , whereas mobility of L-Pro fluctuates 
within the range of 0.33 to 0.36. 
Effect of Added Alcohols in the Mobile Phase 
In order to examine the influence of different alcohols on the 
separation of L-Cys, L-Cys-Cys and L-Met, 1-butanol in M7 was 
replaced by methanol, ethanol and 1-propanol. The resultant mobile 
phases (M13-M15) were used to examined mobility of sulfur containing 
amino acids from their mixture on silica layer. The results obtained 
with M13-M15 were compared with M7 and are presented in Figure 2.4. 
From this figure it is evident that the L-Cys co-migrates with L-Met 
imposing a restriction on mutual separation of L-Cys from L-Met 
where TLC plates were developed with M13-M15 . Though, M13-M15 
systems are capable to provide binary separation of L-Cys-Cys from 
L-Cys or L-Met but their separation from three-component mixture is 
not possible. However, a very reliable and clear separation of 
coexisting L-Cys, L-Cys-Cys and L-Met is always possible with M7, 
therefore it may be concluded that alcohols (methanol, ethanol and 1-
propanol) are not favourable for the separation of sulfur containing 
amino acids. 
Effect of Impurities 
From the data listed in Table 2.3, it is evident that the Rp value 
of L-Met is decreased considerably in the presence of Pb^^ whereas the 
Ri value of L-Cys and L-Cys-Cys remain almost unchanged. Though 
the separation of L-Cys, L-Cys-Cys and L-Met from their mixture is 
possible in the presence of Pb^^, but the separation is hampered in the 
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presence of Hg^ "^  in the sample. The separation is not altered by the 
presence of other metal cations studied (Table 2.3). 
Effect of Loading Amount ofAnalyte 
It was observed that 10 i^g of L-Cys can easily be separated from 
1.2 mg of L-Met. Similarly 10 ng of L-Met can be separated.from 1.8 
mg of L-Cys. Thus milligram quantities of one amino acid can be 
successfully separated from microgram amounts of the other amino 
acid using the proposed TLC system. 
Limit of Detection 
The lowest possible detectable microgram amounts along with 
dilution limits amino acids (give in parenthesis) on silica layer were 
L-Met (0.125, 1.8x10''), L-Cys (0.20, 1:5x10^) and L-Cys-Cys (1.0, 
hlxlO''). 
Quantitative determination of L-Cys by TLC-spectrophotometric 
methods 
Upto 3.25 mg, L-Cys could be determined spectrophot-
ometrically using 0.3% ninhydrin in acetone as the chromogenic 
reagent. The percentage error was not greater than 6.60. The results 
obtained are tabulated in Table 2.4. 
Applications 
Several important separations of amino acids were 
experimentally achieved on silica gel layers developed with a variety of 
mobile phase systems. These separations have been listed in Table 2.5. 
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Table 2.1: Rp value of Amino Acids on Silica Gel Layers 
Developed with Different Mobile Phases. 
Amino acid 
L-Trp 
L-Ile 
L-Hyp 
L-Pro 
L-Arg 
L-Lys 
L-Cys 
L-Cys-Cys 
L-Met 
L-Val 
Gly 
L-Ser 
M, 
0.94 
0.88 
0.82 
0.85 
0.79 
0.83 
0.97 
0.00 
0.90 
0.86 
0.91 
0.97 
M2 
0.91 
0.54 
0.78 
0.80 
0.77 
0.80 
0.93 
0.0 
0.88 
0.83 
0.89 
0.94 
M3 
0.90 
0.80 
0.75 
0.78 
0.74 
0.75 
0.88 
0.0 
0.83 
0.78 
0.84 
0.90 
M,2 
0.85 
0.78 T 
0.70 
0.65 
0.72 T 
0.69 T 
0.85 
0.0 
0.82 T 
0.66 
0.78 T 
0.85 
T = Tailing Spot ( R L - R T > 0 . 3 0 ) 
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Table 2.2: Rp value of Amino Acids on Silica Layers Developed 
with Mixed Mobile Phases Consisting of Fixed Volume 
of DMSO and Variable volumes of AOT (O.OOIM) and 
1-butanol. 
Amino acid 
L-Trp 
L-Ile 
L-Hyp 
L-Pro 
L-Arg 
L-Lys 
L-cys 
L-Cys-Cys 
L-met 
L-val 
Gly 
L-Ser 
Ms 
0.45 
0.55 
0.21 
0.33 
0.06 
0.04 
0.09 
0.0 
0.42 
0.36 
0.14 
0.15 
M6 
0.50 
0.58 
0.23 
0.33 
0.09 
0.06 
0.17 
0.0 
0.45 
0.40 
0.19 
0.18 
M7 
0.66 
0.63 
0.32 
0.34 
0.19 
0.12 
0.23 
0.0 
0.53 
0.49 
0.30 
0.31 
Ms 
0.75 
0.72 
0.41 
0.37 
0.21 
0.20 
0.45 
0.0 
0.58 
0.56 
0.38 
0.38 
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Table 2.3: Separation of L-Cys-Cys, L-Cys and L-Met from their 
Mixtures, in the Presence of Metal Cations as 
Impurities on Silica Layers Developed: 
IM^etal cdtions lTA%^^C«k ^ O T f c l \ / l l O ^— 
Fe^^ 
Cu'^ 
m'^ 
Co^^ 
UO2'" 
Al^^ 
Cd^" 
Zn^^ 
Pb^" 
Hg^^ 
vo'" 
L-Cys 
0.21 
0.23 
0.22 
0.23 
0.23 
0.21 
0.23 
0.23 
0.21 
0.25 
0.21 
Separation (Rp) 
L--Cys-Cys 
0.0 
0.0 
0.0 
0.00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
L-Met 
0.53 
0.52 
0.55 
0.54 
0.55 
0.55 
0.51 
0.52 
0.44 
0.31 T 
0.52 
T = Tailed spot (RL-RT>0.30) 
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Table 2.4: Spectrophotometric Determination: Amounts of L-Cys 
after TLC separation form L-Met and L-Cys amino 
acids. 
Sample Amount loaded (mg) Amount recovered(mg) % Error 
0.75 0.70 6.6 
2 
3 
4 
5 
1.25 
1.75 
2.25 
2.75 
1.21 
1.70 
2.17 
2.68 
3.2 
2.85 
3.55 
2.54 
3.25 3.15 3.07 
Table 2.5: Experimentally Achieved Separations of Amino Acids 
on Plain Silica Layers Developed with Different Mobile 
Phases: 
Ms L-Cys-Cys (0.0)- L-Hyp (0.20)- L-Ile(0.55) 
Mfi L-Cys-Cys (0.0) -L-Hyp (0.23) -L-Iie (0.56). 
M7 L-Cys-Cys (O.O)-L-Trp (0.64) -L-Ile (0.62). 
Mg L-Cys-Cys (O.O)-L-Arg (0.20)/ i.-Lys (0.19). 
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Figure 2.2: Separation pattern of coexisting L-Met, L-Cys and 
L-Cys-Cys with M? mobile phase on silica layers. 
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Cftapter-III 
Adsorption studies of amino Acids on 
a SiBca Static <Flat (BedVsing 
M^ater-An-OiCMicroemuCsion: Selective Separation 
and Quantification ofL-^iyptopHan 
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3.1 INTRODUCTION 
In spite of the development of highly sophisticated and 
expensive analytical equipments, thin layer chromatography (TLC) is 
currently enjoying extensive popularity as a simple, rapid, inexpensive 
and highly effective separation technique for analysing complex 
mixtures into individual components (1-11). The separation 
possibilities in TLC are largely depend upon the proper selection of 
mobile and stationary phases. As a result numerous brands of 
adsorbents and even greater number of mobile phases are being 
developed to achieve improved chromatographic performance in terms 
of selectivity and resolutions. Analysis of amino acids have assumed 
important because of their industrial and pharmaceutical properties. As 
a result several chromatographic techniques (12-14) have been used for 
their identification at microgram level. TLC of amino acids using 
various solvent systems as mobile phase is well documented (15-22). 
Most of these studies involve the use of alcohol as one of the 
components of mixed mobile phase. Rozylo et al. have demonstrated 
excellent separation possibilities of optical isomers of amino acids on 
chitin-Cu layers using methanol-water-acetonitrile as mobile phase 
(23). Tryptophan enantiomers have been separated on several type of 
reversed phase layers (24) and on microcrystalline cellulose using 
aqueous solvents as mobile phase (25). 
The separation and quantification of L-Tryptophan is very 
important because of the following reasons. 
(a) As far as, we are aware, the selective separation 
using microemulsion and quantification of 
L-Tryptophan from others amino acids by TLC-
spectrophotometer has not been reported. 
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(b) Almost all amino acids interfere in the detection of 
L-Tryptophan and impose a restriction on the 
application of several sensitive reagents (ninhydrin) 
for the detection of L-Tryptophan. 
(c) Quantification of L-Tryptophan in drug samples. 
Though HPLC, GC and electrophoresis techniques are available 
for the analysis of amino acids, TLC being inexpensive is more 
suitable for routine analysis. Furthermore, TLC would be amendable as 
a pilot technique for column chromatography 
3.2 EXPERIMENTAL 
All experiments were performed at 30±5°C. 
Apparatus 
A TLC applicators (Toshniwal, India) was used for coating silica 
gel on 20x3.5 cm glass plates. The chromatography was performed in 
23x6 cm glass jars. A glass sprayer was used to spray reagent on the 
plates to locate the position of the spot of studied compounds. A 
spectrophotometer (ELICO model SL 171, India) were also used. 
Chemicals and Reagents 
Amino acids, heptane, cetyl trimethyl ammonium bromide 
(CTAB) (CDH, India); aerosol OT(AOT) BDH, England); silica gel 
'G' , sodium dodecyl sulfate (E. Merck, India); n-pentanol (Fluca AG, 
Switzerland); ninhydrin (Loba-chemie, India) were used. All reagents 
were of Analytical Reagent grade. 
Amino acids studied 
L-tryptophan (L-Trp), L-iso-leucine (L-Ile), L-hydroxyproline 
(L-Hyp), L-proline (L-Pro), L-arginine (L-Arg), L-lysine (L-Lys), 
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L-cysteine (L-Cys), L-methionine (L-Met), L-valine (L-Val), glycine 
(Gly) and L-serine (L-ser). 
Test solutions 
All the test solutions (1%) except L-Cys solution were prepared 
in demineralized double distilled water with a specific conductivity 
(k:=2x 10'^ ohm'' at 25°C). The 1% solution of L-Cys was prepared in 
0.1% aqueous HCl solution. 
Detector 
0.3% Ninhydrin solution in acetone was used to detect all the 
amino acids. 
Stationary phase 
Silica gel 'G' 
Mobile phase 
The following microemulsion systems were used as mobile 
phase. 
Symbols Composition 
Ml CTAB-water-heptane-n-pentanol (8 g: 8 mL: 160 mL: 25 mL) 
M2 AOT-water-heptane (8 g: 8 mL: 160 mL) 
M3 SDS-water-heptane-n-pentanol (8 g: 8 mL: 160 mL: 25 mL) 
Preparation of TLC plates 
Silica gel plates were prepared by mixing the adsorbent with 
double distilled water in 1:3 ratio by weight. The resultant slurry was 
mechanically shaken for 10 min, after which it was applied to well 
cleaned glass plates with the help of TLC applicator to give a layer of 
approximately 0.25 mm thickness. The plates were air dried at room 
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temperature and then activated by heating at 100±5°C for 1 h. After 
activation, the plates were stored in desiccator. 
Preparation of microemulsion 
The water-in-oil microemulsion used as mobile phase was 
prepared at SO^C by titrating a coarse emulsion of heptane (160 mL), 
water (8 mL) and SDS or CTAB (8 g) with n-pentanol (25 mL). 
In case of AOT, n-pentanol was not added. The various 
microemulsion systems were transparent, optically clear and stable at 
30±5°C for several weeks. 
Chromatographic procedure 
Test solutions (approximately 10|iL) were applied by means of 
micropipettes about 2.0 cm above the lower edge of TLC plates. The 
spots were dried, and the plates were developed in glass jars by 
ascending technique. The glass jars containing the mobile phase were 
covered with a lid for about 20 min. so that the glass jars would get 
pre-saturated with the mobile phase vapors. The mobile phase (solvent) 
was allowed to migrate up to 10 cm from the starting line in all cases. 
The plates were withdrawn from glass jars and dried at room 
temperature followed by spraying with freshly prepared ninhydrin 
solution, for amino acids. All amino acids except L-Pro and L-Hyp 
appeared as violet spots on heating TLC plates for 15-20 minutes at 
100+5"C. L-Pro and L-Hyp produce yellow spots. 
Separation 
For the selective separation of amino acids equal amounts of 
L-Trp and other amino acids were mixed and 20 |iL of each resultant 
mixture was loaded on TLC plates. The plates were developed with 
mobile phase M3. The spots were detected and the Rp values of the 
separated amino acids were determined. 
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Interference 
Investigating the effect of metal cations on the mobility of amino 
acids are an important aspect because in metalloprotein, amino acids 
and metal cations are the building blocks. For investigating the 
interference of heavy metal cations on the separation of L-Trp with 
other amino acids an aliquot (10 |iL) of foreign substance (metal 
cations) was spotted along with the mixture (10 \xL) of L-Trp and other 
amino acids on TLC plate and chromatography was performed as 
described above with M3. The spots were detected and the RF values of 
amino acids were determined. 
Microgram separation of L-Trp from other amino acids 
For this study TLC plate was first spotted with 10 |iL of the 
L-Trp (10 (ig) solution and then with 10 \xL of the mixture of other 
amino acids containing 0.1 - 0.77 mg (mixture of amino acids) per 
lO^L onto the same TLC plate. The spots were dried, the plates were 
developed with M3 and the separated spots were visualized and Rp 
values of amino acids were determined. 
Limit of detection 
The identification limit of L-Trp was determined by spotting 
different amounts of L-Trp on the TLC plates. The plates were 
detected as described above. The method was repeated with successive 
lowering of the amount of amino acid that could be detected was taken 
as the limit of detection. 
Quantitative determination of i.-Trp by TLC-Spectrophotometric 
methods 
For spectrophotometric determination, 10 i^L of L-Trp of 
different strength (0.5-4.5%) containing 0.05-0.45 mg L-Trp were 
treated with 5 mL of methanol and 2 mL of 0.3% ninhydrin (in 
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acetone) and heated in a oven at 100°C for 30 mins. After cooling, the 
solution was diluted up to 10 mL with methanol. The absorbance of the 
developed colour was measured spectrohotometrically against at 570 
nm (^ max) using 1 cm cells and a standard curve was constructed. 
The devised TLC method was applied to the determination of 
L-Trp after their chromatographic separation from other amino acids. 
For this purpose, 10 fxL of L-Trp of different strength (0.5-4.5%) 
containing 0.05-0.45 mg L-Trp were spotted onto TLC plates, followed 
by spotting 0.1 mg mixture of other amino acids solution onto the same 
spots with micropipette and the development was made as usual with 
M3. Pilot chromatograms were run under similar conditions to ascertain 
the actual position of the spots on pilot plates, which were detected 
using the ninhydrin reagents. The same portion of the experimental 
plates was scratched out and L-Trp present in these portions were 
extracted with small volume of methanol, 5 ml being used for complete 
elution. A chromogenic reagent (2 mL of 0.3% ninhydrin in acetone) 
was added to the filtrate and heated in oven at 100°C for 30 mins. After 
cooling, the solution was diluted to 10 ml with methanol. The 
absorbance of the purple-pink colour so developed was measured 
spectrophometrically against a blank at 570 nm (Xmax) using 1 cm cells. 
The L-Trp content after its separation from other amino acids was 
determined from the standard curve. 
The L-Trp content of a given drug sample, after its selective 
separation from other amino acids was determined from the standard 
curve. 
3.3 RESULTS AND DISCUSSION 
The results of the present study are summarized in Table 3.1-3.4 
and Figure 3.1-3.2. 
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Selection of mobile phase for the study of amino acids on silica gel 
layers 
In order to select a most appropriate mobile phase, we used 
cationic (CTAB) and anionic (SDS and AOT) surfactants, as one of the 
components of water-in-oil microemulsion. Water-in-oil 
microemulsion has spherical droplets surrounded by surfactant 
monomeric layer and oil (heptane) used in continuous mantle. This 
internal environment of water-in-oil provides a small aqueous volume 
where amino acid can react with ninhydrin to give a coloured spot. 
This may be attributed to the fact that in water-in-oil microemulsion, 
amino acids are localized for some sort of preconcentration of amino 
acids. Thus amino acids are easily available to interact with ninhydrin 
for detection. 
The resultant water-in-oil microemulsion (M1-M3) systems were 
used as mobile phase to examine the mobility of amino acids on silica 
gel layer. 
The results have been presented in Table 3.1. From the data of 
Table 3.1 following conclusions are drawn. 
With M| all the amino acids show little mobility (Rp < 0.16). 
It is also clear from Table 3.1, almost all amino acids show 
slightly higher mobility in M2 as compared to their mobility in M2. 
However, both mobile phase systems are not useful for separation of 
amino acids. In M3 L-Trp show mid Rp ( R F = 0 . 5 7 ) whereas all other 
amino acids have lower mobility (Rp < 0.26). Thus L-Trp can be 
selectively separated from other amino acids on silica layer with M3. 
Chromatogram of separation 
A TLC system constituting of silica gel as stationary phase and 
SDS + hepatne + water + n - pentanol (8 g + 160 mL + 8 mL + 25 mL) 
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as mobile phase (M3) was identified, the most favourable system for 
the selective separation of L-Trp with all others (essential or non-
essential) amino acids from their mixture on a single TLC plates, 
Figure 3.1. 
Interference 
From the data listed in Table 3.2, it is evident that the Rp value 
of L-Trp is decreased considerably in the presence of Pb and rest of 
the amino acids remain near the point of application. Though the 
separation of L-Trp from all others amino acids is possible in presence 
. of Pb^ "*^ , but the separation is hampered in the presence of Hg^^, U02^^ 
and Bi^ "^  in the sample. The separation is not altered by the presence of 
other metal cation studied. 
Microgram separation of L-Trp from other amino acids 
It was observed that 10 |ig of L-Trp can easily be separated from 
0.77 mg of other amino acid. Thus microgram quantities of L-Trp can 
be successfully separated from milligram amounts of the other amino 
acids using the proposed TLC system. 
Limit of detection 
The lowest possible detectable amount of L-Trp on silica gel 
layers with M3 mobile phase was found 0.125 }ig. 
Quantitative determination of L-Trp by TLC-spectrophotometric 
methods 
Upto 350 \i%, L-Trp could be determined spectrophotometrically 
using 0.3% ninhydrin solution as the chromogenic reagent. The 
absorbance measured at 570 mm plotted against |jLg amounts of L-Trp 
to obtain the standard curve depicted in Figure 3.2. This curve was 
then used to study the recovery of L-Trp after preliminary separation 
from other amino acids in drug samples used. 
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The relative recovery was always greater than 97.73 while the 
percentage error was not greater than 2.27. The results obtained are 
tabulated in Table 3.3. 
Application of the method 
The method was used for the identification and selective 
separation of L-Trp from other amino acids. The results listed in Table 
3.4 clearly demonstrate the applicability of the proposed method for 
the selective separation of L-Trp from other amino acids in drug 
samples. 
CONCLUSIONS 
The proposed chromatographic procedure allowed the selective 
adsorption and reliable identification of L-Trp on a silica gel flat bed. 
Among the selected mobile phase systems, SDS+water+heptane +n-
pentanol (8 g + 8 mL + 160 mL + 25 mL; M3) was the most favourable 
for separation as it improved the resolution and allowed the selective 
separation of L-Trp from other amino acids. Further more the proposed 
TLC- sepctrophotometric method allowed quantitative estimation of 
L-Trp with a 97.73% recovery. 
Being selective, the proposed method could be implemented as a 
reliable analytical tool for the analysis of industrial wastewater and 
clinical samples. More importantly, the method could be applied for 
the identification and quantitative estimation of L-Trp in the industrial 
wastewater, clinical samples and drugs. 
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Table 3.1: RF values of Amino Acids on Silica Gel Layers 
Developed with Different Mobile Phases. 
Amino Acids 
L-Trp 
L-Ile 
L-Hyp 
L-Pro 
L-Arg 
L-Lys 
L-Cys 
L-Ser 
L-Val 
Gly 
L-Met 
M, 
0.10 
0.16 
0.08 
0.04 
0.08 
0.07 
0.03 
0.06 
0.05 
0.05 
0.06 
M2 
0.14 
0.20 
O.ll 
0.08 
0.15 
0.12 
0.10 
0.10 
0.05 
0.05 
0.12 
M3 
0.57 
0.21 
0.15 
0.10 
0.26 
0.19 
0.20 
0.16 
0.10 
0.09 
0.17 
Table 3.2: Separation of L-Trp with Other Amino Acids, in the 
Presence of Metal Cations as Impurities on Silica 
Layers. 
Other amino acids 
olT 
0.15 
0.13 
0.14 
0.15 
0.14 
0.13 
0.14 
0.10 
0.07 
0^09 
T = Tailed spot RL-RT > 0.30. 
Metal cations 
Fe^ ^ 
Cu^ " 
Co^ ^ 
Ni^ * 
UOj^" 
Al^^ 
Cd^ * 
Zn^ ^ 
Pb^ ^ 
Hg^ ^ 
Bi^ " 
L-Trp 
0.55 
0.56 
0.55 
0.40 
0.35 T 
0.52 
0.53 
0.56 
0.50 
0.20 T 
0.22 T 
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Table 3.3: Spectrophotometric Determination of L-Trp in 
Different Drug Samples. 
Drug samples 
Astymin-m (Forte) 
Astymin (Liquid) 
Alamin Forte 
Amount 
loaded (^g) 
66 
132 
150 
Amount 
recovered 
(US) 
65 
129 
147 
% 
Error 
1.5 
2.27 
2.00 
Relative 
recovery 
(%) 
98.48 
97.73 
98.00 
Table 3.4: Rp of L-Trp in Drug Samples. 
Drugs samples L-Trp Other amino acids 
Astymin-m (Forte) 0.57 0.18 
Astymin (Liquid) 0.55 0.18 
Alamin Forte 0.56 0.15 
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r 
0 DL-Trp. 
Mixture of amino acids 
Figure 3.1 Separation pattern of DL-Trp and other amino acids with 
M3 mobile phase on Silica gel layer. 
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-r 
50 100 150 200 250 300 350 
i^g of L-Trp 
Figure 3.2: Standard curve for 
determination of L-Trp. 
spectrophotometric 
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Cfiapter-lV 
nJUn—Layer Citromatograpfiic MetfiocCs 
for the Identification and Separation 
of Aromatic andAHpHaticJimines on Silica QeC 
Layer: SimuCtaneous Separation of Isomers of 
!Nitroaniline WitH water-Hn-OiC^icroemulsion 
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4.1 INTRODUCTION 
The analysis of nitrogen-containing compounds have assumed 
important because of their industrial, pharmaceutical and pesticidal 
properties. As a result several chromatographic techniques (1-10) 
have been used for their separation and identification at microgram 
level. Though gas chromatography with packed columns (specific for 
nitrogen compounds) has been extensively used for the more accurate 
quantitative analysis of complex mixtures of amines but thin layer 
chromatography (TLC) being inexpensive is more suitable for routine 
qualitative analysis of organic as well as inorganic substances. TLC 
separation of amines via charge transfer complexation with polynitro 
compounds has been achieved by several workers (11-14). In addition 
to plain silica gel, silica gel impregnated with aqueous solutions of 
various sodium salts (15), ammonium cerium (iv) nitrate (16) or 
copper sulphate (17); bonded or reversed phase silica gel (18-20), 
mixed silica phases (21,22) and silica gel treated with cationic 
surfactant (23) in combination with mixed organic or 
aqueous-organic mobile phase systems have been used to achieve 
separations of aromatic amines. Most of these workers have used 
toxic organic solvents such as benzene, carbon tetrachloride, 
chloroform etc. as of the components of mobile phase. 
In order to substitute the undesirable organic mobile phase 
systems with environmental friendly aqueous mobile phases, efforts 
have been initiated in our laboratory to utilize relatively non-toxic 
surfactants mediated systems as mobile phase systems in the analysis 
of organic (24-26) and inorganic substances (27,28). 
The present study introduces a water-in-oil microemulsion as a 
novel mobile phase system for achieving analytically important 
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separations of m-,o-,p-nitroaniline. 
The term microemulsion was first used by Hoar and Schulman 
(29) to describe the transparent and thermodynamically stable systems 
formed spontaneously when an oil and water were mixed with 
relatively large amounts of an anionic suractant and a cosurfactant 
(medium chain alcohol, pentanol or hexanol). 
Amongst microemulsion systems, water-in-oil microemulsions 
(w/o) composed of an ionic surfactant, a medium chain length alcohol 
as cosurfactant, water and a hydrocarbon have been the most 
extensively studied systems by physical chemists. 
However, the analytical potential of microemulsion systems has 
not been fully explored. We expect remarkable separation with 
microemulsion systems that arises from nanodimensional water 
droplets (water pool) enclosed by layer of surfactant molecules and 
dispersed in non-polar hydrocarbon. W/o microemulsion appear as 
clear liquid with a relatively low viscosity. Here we report the 
usefulness of water-in-oil microemulsion, constituting of SDS/n-
pentanol/ water/heptane, as mobile phase in TLC analysis of aromatic 
as well as aliphatic amines on silica layers. As a result a reliable and 
rapid separation of nitroaniline isomers has been achieved. 
The aim of this study is to separate o-, m-, and /?-nitroanilines 
from their co-existing mixture with TLC technique. The separation of 
isomers of nitroaniline is very important because commercially 
produced aromatic amines are usually contaminated by their isomers 
(one or two of o-, m-, and p-isomers) as unavoidable by-products of 
proceeding procedures. 
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4.2 EXPERIMENTAL 
All experiments were performed at 30±5°C 
Apparatus: A TLC applicator (Toshniwal, India) was used for coating 
silica gel on 20 x 3.5 cm glass plates. The chromatography was 
performed in 24 x 6 cm glass jars. Iodine chamber to locate the 
position of the spot of studied compounds. 
Chemicals and Reagents 
Amines, heptane, iodine (CDH, India); silica gel 'G ' , sodium 
dodecyl sulphate, SDS (E, Merck, India) and n-pentanol (Fluca AG, 
Switzerland) were used. All reagents were of Analytical Reagent 
grade. 
Amine studied 
Diphenylamine (DPA), o-chloraniline (o-CAL), w-chloroniline 
(w-CAL), j!7-chIoroaniline (p-CAL), o-nitroaniline (o-NAL), m-
nitroaniline (w-NAL), />-nitroaniline (p-NAL), o-toluidine (o-TLD), 
m-toluidine (w-TLD), p-toluidine (p-TLD), aniline (AL), quinoline 
(QL), trimethylamine (TMA), methylamine (MA), tert-butylamine 
(TBA), ethylamine (EA), dimethylamine (DMA), triethylamine (TEA) 
and diethyl amine (DEA). 
Test solutions 
The test solutions (1%) of all amines were prepared in 
methanol. 
Detectors 
All amines were detected by exposing the TLC plates to iodine 
vapours in a closed chamber. 
Stationary phase 
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Silica gel "G" 
Mobile phase 
Water-in-oil microemuslion composed of SDS, heptane, n-
pentanol and water was used as mobile phase. 
Preparation of TLC plates 
The plates were prepared by mixing silica gel with water in 1:3 
ratio with constant shaking until homogeneous slurry was obtained. 
The resultant slurry was applied on the glass plates with the help of a 
Toshniwal applicator to give a 0.25 mm think layer. The plates were 
dried in air at room temperature and then activated by heating for 1 h 
at 100±5°C in an electrically controlled oven. The activated plates 
were stored in a close chamber at room temperature until used. 
Preparation of microemulsion 
The water-in-oil microemulsion used as mobile phase was 
prepared at 30*'C by titrating a coarse emulsion of heptane (160 mL), 
water (8 mL) and SDS (8 g) with n-pentanol (25 mL). The 
microemulsion system was transparent, optically clear and remained 
stable at 30 + 5°C for several weeks. 
Procedure 
Test solutions (approx. 10 |uiL) were applied by means of 
micropipettes about 2.0 cm above the lower edge of TLC plates. The 
spots were dried, and the plates were developed in glass jars by 
ascending technique. The glass jars containing the mobile phase were 
covered with a lid for about 10 min so that the glass jars would get 
pre-saturated with the mobile phase phase vapors. The mobile phase 
(solvent) was allowed to migrate up to 10 cm from the starting line in 
all cases. The plates were withdrawn from glass jars and dried at 
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room temperature followed by exposing to iodine vapours in a closed 
chamber for about 10 min. The amines were detected as yellowish 
brown spot. The RL (RF of leading front) and Rj (RF of trailing front) 
values for each spot were determined and the Rp value was calculated 
as: 
RF R U + R T 
2 
Separation 
For specific separation of amines equal amounts of o-NAL, 
m-NAL and p-NAL were mixed and 20 ^L of each resultant mixture 
was loaded on TLC plate. The plate was developed with mobile 
phase. The spots were detected and the Rp values of the separated 
amines were determined. 
Limit of detection 
The identification limit of o-NAL, m-NAL and /7-NAL were 
determined by spotting their different amounts on the TLC plates. The 
method was repeated with successive lowering of the amount of 
o-NAL, w-NAL and />-NAL, that could be detected were taken as the 
limit of detection. 
Semiquantitative Determination by spot area measurement 
For semiquantitative determination by spot area measurement 
method, 10 ^L from a series of various standard solutions (0.5-3.0%) 
of o-NAL, w-NAL andp-NAL were spotted on silica gel layers. The 
plates were developed with mobile phase. After detection the spots 
were copied onto tracing paper from the chromatoplates and then the 
area of each spot was calculated. 
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4.3 RESULTS AND DISCUSSION 
The results of the present study are summarized in Tables 
4.1-4.2 and Figure 4.1-4.3. 
Thin - layer chromatographic system comprising of silica gel 
as stationary phase and water - in - oil microemulsion as mobile 
phase has been chosen for thin layer chromatographic analysis of 
aliphatic and aromatic amines because of following reasons. 
1. Silica is acidic and therefore good for the separation of basic 
analyte (e.g. amines). 
2. Amines cover a wide range of solubility in water. 
Water-in-oil microemulsion is responsible for 
preconcentration of such amines which are hydrophilic or 
water soluble, and consequently separations are possible 
between very soluble, less soluble and insoluble amines. 
3. Less literature has been found for the study of amines with 
water-in-oil microemulsion mobile phase on TLC 
technique. 
4. Preconcentration tendency of water-in-oil microemulsion 
towards analyte results in the formation of more compact 
and better detectable spots of studied compound (i.e. 
amines). Such a unique situation allowed greater number of 
compounds to be separated on a single TLC plate. 
The results of the mobility pattern of amines on silica gel layers 
developed with water-in-oil microemulsion (SDS + n-pentanol + 
hepane + water; 8 g + 25 mL + 160 mL + 8 mL) as mobile phase are 
summarized in Table 4.1. It is evident from this Table that all the 
aromatic amines show either higher or intermediate mobility whereas 
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aliphatic amines show either no mobility (Rp = 0; DEA) or very low 
mobility (Rp <0.21). This trend of chromatographic behaviour of 
amines can be explained on the basis of their relative basicity. 
Amines posses an unshared pair of electron on nitrogen, which is 
available for the formation of a new bond with a proton or Lewis acid 
(silanol group of silica gel adsorbent layers) Figure 4.1. Aliphatic 
amines are stronger bases than aromatic amines because of the 
presence of electron releasing, alkyl groups. The alkyl group 
increases the availability of the lone pair of electron around the 
nitrogen, which helps to interact more strongly with proton present on 
silica gel layers and hence causes low mobility (Rp < 0.21). In case of 
the aromatic amines, the lone pair of electron is partly shared with the 
benzene ring, and is less available for sharing with proton of silica 
gel, resulting in higher mobility (Rp > 0.40) of aromatic amines. It is 
also clear from Table 4.1 that mobility of aromatic amines depends 
upon the nature of substituted groups present on benzene ring. For 
example, nitroanilines have higher mobility compared to 
chloroaniline and toluidines. NO2 being electron-withdrawing 
substituent decreases the basicity of aniline whereas CH3 substituent 
(electron releasing group) in toluene increases the basicity of aniline. 
Thus higher the basicity of amine, lower is the mobility. 
However AL shows deviation from the above trend. It is 
stronger base than o-TLD but it shows greater Rp value (Rp = 0.55) 
than that of o-TLD (Rp = 0.48). The higher Rp of AL may be 
attributed to the fact that AL is approximately three times more 
soluble in water than o-TLD (30). 
For the sake of convenience, Kb values of amines are listed in 
Table 4.1 from where it is clear that amines with higher Kb value 
show low Rp value and vice-versa. A plot of R ,^ (fl^vs pKb value 
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shows an approximate linear relationship, Figure 4.2. 
From the data listed in Table 4.1 it is concluded that proposed 
TLC system is the most suitable for the selective separation of 
o-NAL from other amines. The proposed method works well to 
simultaneous separation of o~, m-, and /^-isomers of nitroaniline, 
Figure 4.3. 
Limit of detection 
The lowest possible detectable amount of o-NAL, /w-NAL and 
/7-NAL on silica gel layers with water-in-oil microemulsion were 
found 0.125 |ig, 0.10 (xg and 0.08 fig respectively. 
Semiquantitive determination by spot area measurement 
An attempt has also been made for semiquantitative 
determination of o-NAL, m-NAL and p-NAL by spot area 
measurement method. A relationship between the spot area and 
microgram quantities of o-NAL, m-NAL and ;7-NAL follow the 
equation 4=Km, where ^ is the spot area, m is the spotted amount and 
K is constant, and linear curves are obtained whereas at high 
concentration or beyond the concentration of 3%, a negative deviation 
from linear law is noticed. 
Separations 
The formation of highly compact spots of amines wiih 
water-in-oil microemulsion facilitates iheir separations from 
multicomponent mixtures. As a result, we successfully separated 
several important amines on a single TLC plates of silica gel layers as 
shown in Table 4.2. Furthermore, aromatic amines can be easily 
separated from aliphatic amines. 
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Table 4.1: Kb value and Rp Value of Amines on Silica Gel Layer 
With w/o Microemulsion 
Amines 
o-NAL 
DPA 
p-NAL 
w-NAL 
o-CAL 
m-CAL 
p-CAL 
o-TLD 
AL 
m-TLD 
QL 
p-TLD 
TMA 
MA 
TBA 
EA 
DMA 
TEA 
DEA 
K. 
0.00006x10 -10 
0.0006x10 •10 
0.001x10 
0.029x10 
0.05x10 
0.3x10 
1.0x10 
2.6x10 
-10 
•10 
•10 
-10 
•10 
•10 
4.2x10 -10 
5x10 -10 
-10 
-10 
- 4 
6.3x10 
12x10" 
0.6x10 
4.5x10" 
5.0x10" 
5.1x10" 
5.4x10 
5.6x10"'' 
10.0x10"" 
- 4 
RF 
0.92 
0.76 
0.72 
0.54 
0.53 
0.49 
0.48 
0.48 
0.55 
0.47 
0.46 
0.40 
0.21 
0.15 
0.08 
0.08 
0.06 
0.05 
0.00 
Table 4.2: Experimentally Achieved Separation of 
Plain Silica Layers Developed With 
Microemulsion Mobile Phase. 
Amines on 
Water-in-Oil 
S. No. Separations 
1. DPA (0.76) -AL(Q.55) - QL (0.44)-MA (0.16)-DEA (0.0) 
2. o-NAL (0.91)-p-NAL (0.71)- m-NAL (0.50)- TMA (0.20)-
DMA (0.05). 
o-NAL (0.90)- p-NAL (0.91)- m-NAL/ o-CAL/ m-CAU 
p-CAL/o-TLD/AL/ m-TLD/QL/ p-TLD («0.50)- TMA 
(0.20)- TEA (0.05)/DEA (0.0) 
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H 
-Si-O-H -:N 
H 
Figure 4.1: Interaction between proton (silanol group of silica gel 
layers) and amines (unshared pair of electron on nitrogen) 
in 
• i 
CO 
o 
CO 
d 
^1 
d 
CM 
d 
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0-NAL 
p-NAL 
m-NAL 
Figure 4.3: Separation pattern of coexisting o-NAL, m-NAL and p-NAL 
with w/o microemulsion mobile phase on silica layers 
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5.1 INTRODUCTION 
Because of poor toxicity, low cost, enhanced separation 
selectivity, non-flammability, capability of simultaneously separating 
hydrophilic and hydrophobic solutes and non-volatility, micellar 
mobile phases (i.e. solutions containing a surfactant at a concentration 
above its critical micellar concentration (CMC) have found interesting 
applications in liquid chromatography (1-8). The use of micellar 
mobile phases (MMP) in thin-layer chromatography (TLC) was first 
proposed by Armstrong and co-workers (9-10). MMP have been 
successfully utilized to separate pesticides and biphenyls (10), 
polynuclear aromatic hydrocarbons and vitamins ( I I ) , phenols (12), 
amino acids (13-14), alkaloids (15), dyes (16) and drugs (17). Despite 
evident advantageous features, the use of MMP in chromatographic 
analysis of metal cations (18-20) has been less extensive compared 
with their use in the analysis of organic compounds. 
In addition to simplifying chromatographic procedure, MMP 
result in improved separations as a result of electrostatic, hydrophobic 
and donor - acceptor interactions, or any combination of these (9, 11, 
12, 16). Secondary interactions arising from partitioning of solute 
within the mobile phase (between aqueous and micellar phases) also 
play a decisive role in the separation of solutes by micellar liquid 
chromatography. According to literature (2, 3, 20,21). chromatographic 
performance of MMP can be further improved by using them in the 
presence of salts and organic additives which affect the size of 
micelles. Several analytical techniques (22-26) have been used to 
separate Au (III), Cu (II) or Ag (I) from associated metal ions but the 
work on simultaneous separation of these metal cations from their three 
component mixtures by TLC is lacking. This communication reports a 
simplest and convenient micellar TLC procedure for the separation of 
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co-existing Au (III), Cu (II) and Ag (I) ions. The mutual separation of 
Au (III), Ag (I) and Cu (II) is very important from practical point of 
view as these metals are generally associated with each other in natural 
ores of silver or copper. Furthermore, after the separation, Cu (II), has 
been determined quantitatively by spectrophotometry using l-(2-
Pyridylazo)-2-naphthol (PAN) solution in methanol as chromogenic 
reagent. The TLC - spectrophotometric method was applied to recovery 
of Cu (II) from synthetic alloy and ore samples. 
5.2 EXPERIMENTAL 
Apparatus 
A TLC applicator (Toshniwal, India) was used for coating silica 
gel on 20 X 3.5 cm glass plates. The chromatography was performed in 
24 X 6 cm glass jars. A glass sprayer was used to spray reagents on the 
plates to locate the position of the spot of analyte. Digital pH meter 
(Elico, India, Model 181 E of type PC-22) and spectrophotometer 
(Elico, India, SL-171) were used for pH measurements and 
spectrophotometeric determination respectively. 
Chemical and reagents 
Sodium dodecyl sulfate (BDH, India) and aerosol- OT (BDH, 
England); sodium chloride or nitrate and urea (G.S.C, India); Silica gel 
'G' and thiourea (E. Merck, India); Brij-35 and Triton X-100 (Loba -
chemie. India), cetyl trimethyl ammonium bromide (CTAB), phenols, 
amines, aminophenols and anions (CDH, India) were used. All reagents 
were of Analar Reagent grade. 
Metal cations studied 
Vt'\ C u ' \ Ni2\ C o ' \ U 0 2 ^ V 0 ' ^ Cd'^ Zx^\ Ag\ P b ' \ T r , 
Bi^\ Hg2", Al^', Ti'", and Au^^ 
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Test solutions 
1.0% aqueous solutions of following salts were used as test 
solution: 
a. Nitrates of Cd^^ Zn^\ Pb^^ 1\\ Bi^^ Al^^ and Ag^ 
b. Chlorides of Ni^\ Co^^ Fe^^ Hg^^ Ti^^ and Au^\ 
c. Sulfates of Cu^^ V0^^ and UOs^^ 
All the solutions were prepared in demineralized water with a 
specific conductivity (K = 2xl0~^ohm"' at 25°C). The solutions of 
nitrates of lead, silver and bismuth, and the chloride of mercury also 
contained small quantities of corresponding acid to limit the extent of 
hydrolysis. 
The solutions (1%) of various anions and surfactants were 
prepared in demineralized water. The solutions (1%) of various amines, 
phenols and aminophenols were prepared in methanol. 
Test materials used 
1. Gold-plated printed-circuit board (GPCB) {Au , Ni and Cu} 
from Toyama Electric. Bangalore 
2. Silver mirror scrap (SMS) {Ag, Cu} and Silver mirror spent 
solution (SMSS) (Ag and Cu}, both from Ship Mirror Industries, 
Bangalore. 
3. High-copper dental amalgam (HCDA) {Ag, Hg, Cu, Zn and Sn) 
from Dental College. A.M.U., Aligarh 
4. Electroplating gold waste from Anand Jewellers, Aligarh 
5. Sterling silver scrap (SS) {Ag, Cu} 
6. Gun metal (90% Cu + 10% Sn) 
7. Ornamental silver (80% Ag + 20% Cu) 
8. Copper pyrites (CuFeSz; 4% Cu + 96% Fe) 
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9. Copper glance (CuS) 
Buffer solutions 
S.No. Composition Volume ratio pH 
1 0.04 M boric acid - 0.04 M phosphoric acid 50:50 2.3 
2 0.04 M Boric acid - 0.04 M phosphoric acid- 50:50:8 3.4 
0.24MNaOH 
3 0.04 M Boric acid - 0.04 M phosphoric acid - 50:50:10 5.7 
0.24 M NaOH 
4 0.04 M Boric acid - 0.04 M phosphoric acid - 50:50:14 7.0 
0.24 M NaOH 
5 0.04 M Boric acid - 0.04 M phosphoric acid - 50:50:60 11.9 
0.24 M NaOH 
Detection reagents 
For the detection of various cations, the following reagents were used: 
a. 8x10"^ % (w/v) Dithizone in carbon tetrachloride for Cd^ ,^ Zn^ ,^ Ag^, 
2+ ^-1+ r>:3+ i T T _ 2 + Pb^^ Tl^ Br, and Hg' 
3+ / ^ . . 2 + TTA-w 2- x7 / - i2+ b. 1% Aqueous potassium ferrocyanide for Fe , Cu , UO2 , VO , and 
c. 1 % Alcoholic dimethylglyoxime for Ni^ ,^ and Co^^. 
d. 0.1% Aluminon for A1 ^ ,^ and 
e. 1% (v/v) Yellow ammonium sulphide for Au^ .^ 
Stationary phase 
Silica gel "G" 
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Mobile phase 
The following solvent systems were used as mobile phase 
Symbol Composition 
Ml 0.03, 0.144, 0.3 and 1.44 % aqueous SDS 
M2 0.03, 0.144,0.3 and 1.44 % buffered SDS (pH 2.3) 
Ms 0.03,0.144, 0.3 and 1.44 % buffered SDS (pH 3.4, 5.7, 7.0 and 11.9) 
M4 0.03 % SDS (pH 2.3) + 1% urea (9:1,1:1 and 1:9) 
M5 0.3 % SDS (pH 2.3) + 5% urea (9:1, 1:1 and 1:9) 
Me 0.3 % SDS (pH 2.3)+ 10% urea (9:1, 1:1 and 1:9) 
M7 0.3 % SDS (pH 2.3)+ 15% urea (9:1,1:1 and 1:9) 
M8 0.3 % SDS (pH 2.3) +1% thiourea (9:1, 1:1 and 1:9) 
M9 0.3 % SDS (pH 2.3) + 5% thiourea ( 9:1, 1:1 and 1:9) 
M,o 0.3 % SDS (pH 2.3) + 10% thiourea (9:1,1:1 and 1:9) 
Mil 0.3 % SDS (pH 2.3)+ 15% thiourea (9:1, 1:1 and 1:9) 
M,2 0.3 % SDS (pH 2.3)+ l%NaN03(9:l, 1:1 and 1:9) 
Mi3 0.3 % SDS (pH 2.3) + 5% NaNOa (9:1, 1:1 and 1:9) 
Mi4 0.3 % SDS (pH 2.3)+ 10%NaNO3( 9:1, 1:1 and 1:9) 
M,5 0.3 % SDS (pH 2.3) + 15%NaN03 (9:1,1:1 and 1:9) 
M|6 0.3%SDS(pH2.3)+l%NaCl(9:l , l : l and 1:9) 
M,7 0.3 % SDS (pH 2.3) + 5% NaCl (9:1,1:1 and 1:9) 
M,8 0.3 % SDS (pH 2.3) + 10% NaCl (9:1,1:1 and 1:9) 
M,9 0.3 % SDS (pH 2.3)+15% NaCl (9: land 1:1) 
Preparation of TLC plates 
Silica gel plates were prepared by mixing the adsorbent with 
double distilled water in 1:3 ratio by weight. The resultant slurry was 
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mechanically shaken for 10 min, after which it was applied to well-
cleaned glass plates with the help of TLC applicator to give a layer of 
approximately 0.25 mm thickness. The plates were air dried at room 
temperature and then activated by heating at 100 ± 5°C for 1 h. After 
activation, the plates were stored in a desiccators. 
Preparation of test material 
Peeling: Peeling of silver mirror scrap (specimen surface area 19 cm ) 
was performed with concentrated formic acid (90%, w/w) in a glass 
beaker. The acid was heated at 110°C and the material was added into 
it. On completion of peeling (within 1 min), the solution was separated 
and the peeled material was used as the 'source material' for silver. 
Leaching: Leaching of silver mirror scrap (specimen surface area 19 
cm^) was performed with 50% nitric acid in a glass beaker. On 
completion of leaching (within 1 min), the solution was separated from 
the leached residue and used for silver separation. Similar leaching 
procedure was applied on other silver-containing material (0.153 g 
sterling silver scrap and 0.25 g high-copper dental amalgam). 
Leaching of gold-plated printed - circuit board (specimen surface 
area 72.42 cm^ containing 16 large pins and 14 small pins) was 
performed with aqua-regia in a glass beaker. On completion of 
leaching, the solution was separated from the residue and used for gold 
separation. 
Preparation of synthetic alloy and ores 
For the synthesis of gun metal (90% Cu + 10% Sn), 9mL of 1% 
CUSO4 solution was added into 1 mL of 1% aqueous SnCU. 5H2O 
solution and for the synthesis of ornamental silver (80% Ag + 20% 
Cu), 8mL of 1% aqueous AgNOs solution was added into 2 mL of 1% 
aqueous CUSO4 solution. The resultant solutions of synthetic gun metal 
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and ornamental silver were transparent. 
For the synthesis of copper pyrites (CuFeS2), 0.2 mL of 1% 
aqueous CUSO4 solution was added into 4.8 mL of 1% aqueous FeCls 
solution and for the synthesis of copper glance (CuS), 5 mL of 1% 
CUSO4 were taken in two different beakers. About 8 mL of 0.5% 
thioacetamide solution was added in both the beakers, as a result 
precipitates of CuFeS2 and CuS are formed. Precipitates were dissolved 
in minimum possible amount/ volume of concentrated HNO3. The 
solutions were heated for complete removal of acid. The residues were 
dissolved in 5 mL of 1 M HCl and 5 mL of double distilled water 
respectively. Clear solutions of synthetic ores were obtained. 
Procedure 
About 10 |iL of test solution was applied using a micropipette 
about 2.0 cm above the lower edge of TLC plates. The spots were 
dried, and the plates were developed in glass jars by ascending 
technique. The glass jars containing the mobile phase were covered 
with a lid for about 20 min so that the glass jars would get pre-
saturated with the mobile phase vapors. The mobile phase (solvent) 
was allowed to migrate up to 10 cm from the starting line in all cases. 
After development, the plates were dried again and the cations were 
visualized as colored spots by spraying with appropriate detection 
reagents. The cations were identified on the basis of their Rp values, 
calculated from RL (Rp of leading front) and Ry (Rp of trailing front) 
for each spot, whereas Re = —^ . 
I 2 J 
Separation 
The test solution 10 nL of copper, silver and gold mixture was 
spotted on TLC plate coated with silica gel "G" and the 
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chromatography was performed with mobile phase M17 [0.3% SDS (pH 
2.3) + 5% NaCl (9:1)]. The resolved spots for these metal cations were 
observed on TLC plates after spraying chromogenic reagents. The Rp 
values of Au"''*^ , Cu^ "^  and Ag^ in their mixture were found to vary 
marginally from their individual Rp values. 
Interference 
For investigating the interference of inorganic anions, amines, 
phenols, aminophenols and surfactants on the separation of co-existing 
Au^^, Cu^ "*^  and Ag"*^ , an aliquot (10 |iL) of additives was spotted along 
with the mixture (10 |iL) of Au^^, Cu^ "^ , and Ag"^  and chromatography 
was performed as described above with Mn (9:1). The spots were 
detected and the Rp values of separated metal ions were determined. 
Limit of detection 
The identification limits of various cations including Cu^^ and 
Ag* were determined by spotting different amounts of cationic 
solutions on the TLC plates. The plates were developed in M17 (9:1) 
and the spots were detected as described above. The method was 
repeated with successive lowering of the amount of cation until spots 
could no longer be detected. The minimum amount of cation that could 
be detected was taken as the limit of detection. 
Semiquantitative determination by spot-area measurement 
For semiquantitative determination by spot-area measurement 
method, 10 \iL of a series of various standard solutions (0.5 - 2.0%) of 
Cu^^ Co^^ Ni^^ and Cd^^ were spotted on silica gel layers. The plates 
were developed with M17 (9:1). After detection the spots were copied 
onto tracing paper from the chromatoplates and then the area of each 
spot was calculated. 
Quantitative determination 
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Spectrophotometry of copper after TLC separation from gold and 
silver was carried out as follow: 
A sample of copper salt CUSO4. 5H2O solution containing 5.08 -
25.45 fig of Cu^ ^ was treated with 0.1 mL of 0.1% l-(2-Pyridylazo)-2-
naphthol (PAN) in methanol and the volume was made up to 10 mL 
with demineralized double distilled water. After thorough mixing, the 
solution was left for 10 min for complete color development. The 
absorption spectra of this solution against blank over 400 - 580 nm 
gave a maximum absorbance peak at 460 nm (Xmax)- The color 
produced with copper was stable and proportional to copper 
concentration. The absorbance of developed color was measured 
against the blank at 460 nm using 1 cm cells and a calibration curve 
was obtained. 
This spectrophotometric method was used to determine recovery 
of copper after separation from gold and silver was determined as 
follows. 
Different volumes (0.01 0.05 mL) of CUSO4. 5H2O solution 
containing 5.08 - 25.45 [ig Cu^* were spotted on the TLC plates. After 
the spots were completely dried 0.1 mg of silver salt solution was 
spotted on the same spot and the plates were re-dried at room 
temperature. The dried plates were developed in M\^ (9:1). A pilot plate 
was also run simultaneously to locate the position of copper. After 
development, the region containing the copper spot on the pilot plates 
were detected, the corresponding region on the working plates 
(undetected spot) was marked and this area of adsorbent was scraped 
into a clean beaker and the copper was extracted with approximately 15 
mL of 1.0 M aqueous HCl, and followed by washing of the adsorbent 
to ensure complete removal of copper. The filtrate was kept on water 
bath for complete removal of HCl and the residue so obtained was 
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dissolved in demineralized double distilled water and followed by 
addition of 0.1 mL of chromogenic reagent solution (0.1% PAN in 
methanol) and the total volume in each case was maintained to 10 mL 
using demineralized double distilled water. The solution was left for 
complete color development for 10 min. The absorbance spectra of this 
solution was measured against blank at 460 nm using 1 cm cells and a 
recovery curve was constructed. The copper was 
spectrophotometrically determined after its separation from other 
samples listed in Table 5.6. The relative recovery, % error and relative 
standard deviation (RSD) were calculated, using the formulae: 
, - „^  , - . Amount recovered-Amount loaded ,_„ 
(a) % recovery = 100 xlOO 
Amount loaded 
(b) Re lative s tan dard deviation (RSD) = — 
where, S is standard deviation and X is mean of measurements. 
Application 
Chromatography of unspiked materials 
Chromatography of unspiked dental amalgam and printed circuit 
board was done using M17 (9:1) as mobile phase and the spots of Ag"", 
Hg^\ Zn^\ Cu^^ and Au^^ were detected and the Rp value of each 
cation was determined. 
Chromatography of spiked materials 
The spiked samples of PCB, dental amalgam, silver mirror scrap, 
silver mirror spent solutions, and sterling silver were prepared as follows: 
(a) One mL of GPCB/ electroplating gold waste was mixed with 
1 mL of silver test solution (1%). The chromatography was 
done using 10 i^L solution of this mixture for spotting. 
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(b) One mL of gold solution was added to 1 mL of each SMS, 
SMSS or SS solution and HCDA solution and 10 |iL of the 
mixture was used for Chromatography and resolved spots of 
Au^"*^  Cu^ "^  and Ag^ from their mixtures were identified by 
their respective Rp values. 
5.3 RESULTS AND DISCUSSION 
Effect of concentration and pH of SDS solution 
Chromatography of sixteen metal cations was performed using 
various mobile phase systems (M1-M3). The mobility pattern of metal 
cations was found to depend on the composition of mobile phase. 
Results obtained with different concentrations of unbuffered aqueous 
SDS (Ml) and buffered SDS (M2 and M3) solutions reveal the 
following trends: 
(i) Metal ions such as hV\ Ti'*^ V0^^ Fe^^ C\x^\ Zx\^\ Pb^\ Bi^ "^  
and 002^"^ show-either no mobility (Rp = 0.0) or very little 
mobility (Rp « 0.05) at all concentration levels as well as over 
entire pH range of SDS solutions. A slightly higher mobility (Rp 
= 0.30) in the case of Zn^^ was observed when 1.44% SDS 
solution (pH 2.3) was used as mobile phase. 
(ii) Ni^^ Co^ "" and 1\^ produce badly tailed spots (RL-RT > 0.30) 
almost with all the mobile phases (M1-M3) used with the 
exception of 0.3% SDS (pH 2.3). Compared to buffered SDS 
solutions M3, higher mobility for these cations (Rp of Ni^ ^ 
or Co^^ = 0.85 and Tf - 0.34) was observed with 0.3% SDS 
solution (pH 2.3). 
(iii) Au ^ as well-formed spot, always migrates near to solvent front 
(Rp « 0.90) regardless the concentration or pH of SDS solution 
and hence it can be selectively separated from binary mixtures 
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containing other metal ions, 
(iv) The mobility of certain metal cations (Cu "^", Zn^^, Ag^, Bi'^ and 
Al^"^) was found to increase marginally on substitution of 0.03% 
or 0. 144 % buffered SDS (pH 2.3) with 0.3% or 1.44% SDS (pH 
2.3). 
(v) The development time for 10 cm ascent was typically short i.e. 
10-12 min for all mobile phase systems used. 
The RF data of metal ions obtained with buffered SDS (pH 2.3) at 
different concentrations (M2) levels are compared and presented in 
Figure 5.1. It is clear from this figure that the mobility of metal ions is 
slightly influenced by the concentration of SDS in the mobile phase. 
Keeping all the necessary conditions of being selected as better 
mobile phase e.g. compactness of spot and mobility of metal cations, 
M2 (0.3% buffered SDS, pH 2.3) was selected for further study. 
Effect of added urea and thiourea 
The effect of addition of organic non-electrolytes (e.g. urea and 
thiourea) at different concentration levels in M2 (0.3% SDS, pH 2.3) on 
the mobility of metal cations was examined as described in Table 5.1 
and 2. On the basis of Rp values obtained with the resultant mobile 
phase systems (M4-M11), the mobility trends of metal cations are 
summarized below: 
(i) Metal cations such as T\\ W0^\ UOj'*, Vc'\ Pb'^ and Zn"' 
show little mobility (Rp « 0.08), whereas Au^^ shows high 
mobility (Rp « 0.90) at all concentrations of urea and thiourea. 
(ii) Ni^^ Co '^ Cd2^ Ug^\ T r and Bi^^ show tailed spots in the 
presence of urea, whereas in thiourea only Ni^*, Co^* and Tl^ 
show tailed spots at all concentration levels. 
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(iii) The mobility of Al^ "" was found to decrease with the increase in 
concentration of thiourea (1% - 15%) at all volume ratio with 
0.3% SDS [Figure 5.2 (a)]. Conversely the mobility of Al^^ 
increases with the increase in concentration of urea (5 - 15%). 
However, its mobility decreases with the increase in volume 
ratio of urea in 0.3% SDS [Figure 5.2 (b)]. With 1% urea, Al^^ 
shows very little mobility (Rp = 0.05) at all volume ratio of urea 
and SDS. 
(iv) The mobility of Hg^* was found to increase as the concentration 
of thiourea increases in 0.3% SDS whereas a reversal trend i.e. 
decrease in the mobility with increase in concentration of 
thiourea was observed in the case of Cd . 
(v) The mobility of Cu^* was found to increase with the increase in 
concentration of thiourea at all volume ratio with 0.3% SDS 
[Figure 5.3 (a)]. However, the mobility of Cu increases with 
the increase in concentration of urea (1 - 15%), though its 
mobility decreases with the increase in volume ratio of urea at 
its particular concentration in 0.3% SDS [Figure 5.3 (b)]. 
(vi) Ag^ forms double spots at certain concentration of thiourea (2 -
10 g/L) in the mobile phase. The lower spot appearing near the 
point of application (Rp = 0.04) may be attributed to silver 
thiosulfate (Ag2S203) which being sparingly soluble shows little 
mobility. The upper spot is probably due to the formation of 
[Ag(S203)2] ~, and its mobility increases with the increase in 
concentration (2-10 g/L) of thiourea in the mobile phase. Being 
negatively charged species, it is not exchanged with silinol 
group of silica gel and hence moves with the mobile phase 
giving higher mobility. At very low concentration of thiourea 
(1 g/L), only single spot is formed which remain near the point 
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of application. Conversely, at much higher concentration of 
thiourea (12 - 135 g/L), the single spot produced by Ag^ 
appeared near the solvent front (RF = 0.83). The position of 
spots appeared on chromatoplates are depicted in Figure 5.4. 
Thus, the higher concentration of thiourea in mobile phase is 
favorable for the formation of [Ag(S203)2]^~ complex and checks the 
formation of Ag2S203. Interestingly, badly tailed spots (RF = 0.33T) for 
Ag"^  were observed at concentration levels (1-15%) of urea containing 
mobile phase (M4-M7). It is probably due to the fact that Ag^ has 
relatively lower affinity towards oxygen donors (e.g urea) compared to 
sulphur donors (e.g thiourea). The formation of thio-complexes such as 
Ag2S203, sparingly soluble and [Ag(S203)2]^~, soluble in water have 
been reported to be quite stable (27). 
Effect of added NaNOj and NaCl 
The effect of inorganic electrolyte additives (NaN03 and NaCl) 
on the mobility of metal cations was examined at their different 
concentration levels in 0.3% SDS (pH 2.3). The results are summarized 
in Tables 5.3 and 5.4. From these data following trends are noticeable. 
(i) Metal cations such as T\*\ VO^*, Fe^^, Cu^\ U02^\ Bi^^ and 
Pb^* show little mobility (RF « 0.07) in presence of NaNOs 
as additive in 0.3% SDS (M,2-M,5). 
(ii) Mobilityof Ag", N i ^ \ C o ^ \ H g 2 \ Zn^^ and T f was found 
to increase with the increase of NaNOs concentration levels. 
The increase in mobility is associated with the formation of 
tailed spot. 
(iii) The mobility of Al^^ increases with the increase in 
concentration of NaN03 and NaCl. Although its mobility 
decreases with the increase in volume ratio of NaN03 and 
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NaCl at their particular concentration in 0.3% SDS [Figure 
5.2 (c) and (d)]. Like Al^^, Zn^ "" and Cu^* show the same 
trend in presence of NaCl. 
(iv) Au^^ shows a constant and high (RF = 0.90) mobility, 
whereas Rp value of Cd^ "^  fluctuates within the range Rp = 
0.70-0.90 at all concentrations of NaNOs. 
(v) The mobility of Ti '^ C o ' \ Ni '^ Cd^^ Hg^\ T f and Bi^" 
was found to increase with increase in NaCl concentration 
along with the formation of tailed spot, wile Ni , Tl and 
Bi^ "^  produce tailed spots at all concentration levels, Hg "" 
and Co^ "^  show tailed spots at low volume ratio of NaCl. Ti ^ 
and Cd^^ produce tailed spots at 1-5% NaCl in 0.3% SDS. 
(vi) In the presence of NaCl, U02^^ Pb^\ Ag^, VO^^ and Fe^^ 
show little mobility (Rp»0.06). 
On the basis of above studies, a TLC system comprising of silica 
gel as stationary phase and 0.3% buffered SDS (pH 2.3) plus 5% NaCl 
in 9:1 ratio by volume as mobile phase was selected for detailed 
studies. This TLC system was found most favorable for analytically 
important separation of gold, copper and silver Figure 5.5. These 
metals known as "coinage metals", have been used for production of 
coins. Copper with gold and silver causes hardness and hence used for 
jewellary. 
From the data listed in Table 5.5, it is evident that the Rp value 
of Cu is decreased considerably in the presence of certain impurities. 
However, the Rp of Ag"" and Au^ "^  remained almost unchanged. 
Although the separation of Ag^, Au^ "" and Cu^ "" from their mixture is 
possible in the presence of most of the impurities but the separation 
efficiency is adversely affected by the presence of o-nitrophenol. 
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0-aminophenol, methylamine and dimethylamine. These compounds 
were found responsible to bring the Cu^^ spot very close to the spot of 
Ag"^  and hence the separation of Cu^* from Ag^ was very poor. In the 
case of surfactants as impurities, simultaneous separation of Au '', Cu "" 
and Ag^ is possible up to (10% CTAB) 1 mg per spot of cationic 
surfactant (CTAB) but in the presence of anionic surfactant (AOT) it is 
possible only up to 0.01 mg per spot (0.1%) as impurities. 
The lowest possible detectable microgram amounts along with 
dilution limits of some heavy metal cations given in parenthesis 
obtained on silica gel layer with appropriate detectors were Fe"^ 
(0.125, 1 : 8 X 10^); Cu^^ (0.25, 1 : 4 x lO"); Ag^ (8.0, 1 : 1.2 x 10^); 
Ni^^ (0.1, 1 : I x 10^) and Co^^ (0.1, 1: 1 x 10^). The present method is 
superior being more sensitive than reported methods (28, 29). 
An attempt has been made for semiquantitative determination of 
metal cations by spot-area measurement method. The spots obtained 
were copied on tracing paper from the chromatoplates and the spot-area 
was measured. A relationship between the spot-area and microgram 
quantities of metal cations follows the equation ^ = km, where ^ is the 
spot area, m is the spotted amount and k is constant. Representative 
plots of Cu^ "" and Co^^ are shown in Figure 5.5. A linear relationship 
was obtained for Ni^*, Co^^, Cu^^ and Cd^^ when the amount of the 
sample spotted was plotted against the area of spot. At higher 
concentration, a negative deviation from linear law in all cases was 
observed. The accuracy and precision were below ± 15%. 
Quantitative studies 
Cu "^  (up to 25.45 |ig) was spectrophotometrically determined 
using 0.1% PAN as chromogenic reagent. Optical densities were 
measured at 460 nm and plotted against |ig amounts of Cu^* to 
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obtained the standard calibration curve. This curve was used to study 
the recovery of Cu^ "^  (Figure 5.7) from synthetic alloy and ore samples. 
It was observed that copper up to 97% can be recovered. The RSD 
remained below 3.16 and percent error was not more than 18.35 as 
listed in Table 5.6. 
Application 
Several important separations of metal cations were 
experimentally achieved on silica gel layers developed with a variety 
of mobile phase systems. These separations have been listed in 
Table 5.7. The most favorable TLC system comprising of silica gel as 
stationary phase and 0.3% aqueous SDS plus 5% NaCl (9:1) as mobile 
phase has been tested for identification and separation of Ag\ Cu^^ and 
Au^ "^  from a variety of matrices. The results presented in Table 5.8 
indicate the versatility of the proposed TLC systems which has wider 
applications. 
e e 
2: .2 
.t; c 
•"" u 
o o U 
3 
+ 
Q 
en 
0 
a 
u 
i-i 
3 
•>^  
0 
+ 
C/3 
Q 
0 
<u 
Ui 
3 
+ 
Q 
0 
a 
3 
+ 
Q 
0 
T: 
ON 
ON 
^^ 
ON 
ON 
-
ON 
ON 
-
ON 
ON 
C4 C/l 
S-2 
0 
d 
0 
d 
00 
CO 
d 
0 
CO 
d 
0 
d 
rn 
d 
0 
d 
0 
d 
0 
d 
0 
d 
10 
c 
d 
in 
0 
d 
+ 
< 
H 
d 
d 
<N 
d 
H 
0 
d 
H 
0 
d 
H 
0 
NO 
d 
NO 
d 
0 
NO 
d 
NO 
d 
NO 
d 
c 
d 
d 
+ 
u 
m 
d 
H 
d 
ON 
d 
H 
0 
NO 
d 
H 
NO 
d 
H 
0 
NO 
d 
NO 
d 
0 
NO 
d 
NO 
d 
H 
NO 
d 
d 
d 
d 
+ 
0 
d 
H 
0 
d 
d 
0 
d 
d 
0 
d 
rn 
d 
d 
0 
d 
ON 
d 
5 
ON 
d 
+ 
3 
u 
H 
0 
d 
H 
rn 
d 
H 
in 
d 
H 
0 
rn 
d 
H 
d 
H 
0 
rn 
d 
00 
d 
00 
d 
0 
d 
m (N 
d 
lO 
d 
d 
+ 
CiO 
< 
«n 
d 
d 
d 
«n 
d 
ON 
d 
«n 
d 
H 
CO 
NO 
d 
H 
NO 
d 
•n 
d 
H 
rn 
d 
H 
(N 
d 
d 
+ 
U 
0 
ON 
d 
0 
ON 
d 
0 
O; 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
0 
ON 
d 
+ 
<*> 
3 
< 
«n 
d 
»n 
00 
d 
H 
0 
d 
in 
d 
0 
00 
d 
H 
0 
d 
0 
d 
H 
»n 
d 
0 
d 
0 
«n 
d 
0 
d 
H 
0 
in 
d 
+ 
m 
d 
H 
en 
d 
H 
00 
d 
m 
rn 
d 
H 
00 
(N 
d 
H 
m 
rn 
d 
0 
en 
d 
H 
m 
d 
m 
rn 
d 
d 
m 
d 
0 
d 
+ 
H 
00 
d 
H 
ON 
d 
d 
H 
0 
d 
H 
0 
m 
d 
H 
0 
d 
0 
d 
H 
0 
m 
d 
H 
0 
(N 
d 
NO 
d 
m 
d 
H 
0 
d 
+ 
(5 
00 
o 
d 
o 
S 
(U 
o 
CO 
+ 
C (a 
c 
N 
+ 
o 
D 
o 
> 
H 
o 
m 
d 
A 
I 
C 
V3 
s 
a. 
Q 
c 
Q 
O 
O 
n 
u 
s 
o 
B 
O 
_ « 
^ = 
^ I 
<= c 
£: .2 
1 = 
«3 
U 
li 
3 
O 
+ 
Q 
O 
<u 
<-l 
3 
_o 
IS 
o 
+ 
Q 
(Z3 
O 
u 
l-l 
3 
o 
+ 
Q 
• ^ 
rn 
o 
u 
3 
+ 
C/3 
Q 
O 
-
Os 
ON 
•n 
0\ 
6\ 
•^ 
ON 
6^  
**-< 
ON 
6v 
CO (A 
^ o 
00 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
m 
rn 
o 
o 
m 
o 
O 
o 
o 
+ 
< 
H 
m 
o 
m 
m 
o 
d 
H 
vq 
d 
H 
m 
d 
H 
m 
d 
d 
o 
d 
H 
d 
o 
oo 
d 
00 
d 
o 
oo 
d 
+ 
o 
U 
d 
H 
o 
d 
d 
vo 
d 
H 
m 
d 
H 
vo 
d 
o 
d 
o 
d 
d 
o 
oo 
d 
H 
OO 
d 
H 
o 
oo 
d 
+ 
2 
OO 
d 
oo 
o 
ON 
oo 
d 
oo 
d 
vo 
OO 
d 
d 
m 
oo 
d 
oo 
d 
vo 
O 
o 
oo 
d 
oo 
d 
>o 
vo 
d 
+ 
3 
u 
oo 
d 
oo 
d 
m 
00 
d 
oo 
d 
oo 
d 
o 
oo 
d 
d 
d 
aC * 
d o 
d o 
vo * 
u~i O 
d o 
d 
+ 
< 
H 
vo 
d 
d 
o 
vo 
d 
(N 
d 
H 
o 
in 
d 
o 
vq 
d 
d 
d 
vo 
d 
d 
d 
d 
+ 
-a 
U 
o 
OS 
d 
o 
OS 
d 
o 
o\ 
d 
o 
0\ 
d 
o 
ON 
d 
o 
OS 
d 
o 
OS 
d 
o 
OS 
d 
o 
OS 
d 
o 
OS 
d 
o 
OS 
d 
o 
OS 
d 
+ 
3 
< 
H 
oo 
d 
m 
oo 
d 
m 
so 
d 
OS 
vq 
d 
d 
u-1 
>o 
d 
vq 
d 
vq 
d 
00 
d 
d 
d 
H 
m 
rn 
d 
+ 
H 
m 
d 
H 
o 
d 
(N 
d 
H 
d 
H 
o 
d 
H 
d 
o 
d 
H 
o 
d 
H 
d 
H 
d 
H 
o 
d 
H 
o 
d 
+ 
H 
oo 
d 
d 
H 
o 
d 
d 
o 
d 
d 
d 
o 
d 
d 
o 
d 
o 
d 
o 
d 
+ 
5 
o ^ 
oo 
o 
u. 
o 
o 
c/3 
+ 
Xi 
•o 
c 
c 
+ 
o 
D 
O 
> 
+ 
00 
e 
U 
V3 
s 
Q 
O 
> 
O 
o 
c 
o 
c 
o 
u O 
(A 
•o 
c 
.a 
© 
V3 
e 
c 
s 
o 
U 
o 
+ 
00 
Q 
o 
o 
o 
+ 
Q 
en 
o 
o 
z 
+ 
C>0 
Q 
rn 
O 
o 
2 
+ 
Q 
00 
o 
-
ON 
ON 
^ — ^ • 
ON 
ON 
-
ON 
ON 
-
ON 
ON 
o 
o 
o 
in 
o 
>n 
o 
o 
o 
o 
o 
(N 
o 
in 
o 
d 
in 
d 
o 
d 
m 
o 
d 
d 
+ 
< 
H 
en 
00 
d 
o 
oo 
d 
m 
00 
d 
H 
00 
d 
o 
00 
d 
oo 
d 
H 
o 
NO 
d 
H 
o 
d 
o 
d 
H o 
NO 
d 
o 
d 
o 
d 
+ 
<N 
o 
U 
H 
m 
00 
d 
H 
o 
oo 
d 
<n 
oo 
d 
H o 
oo 
d 
H o 
d 
m 
oo 
d 
o 
NO 
d 
o 
m 
d 
H 
o 
d 
o 
NO 
d 
H o 
in 
d 
o 
NO 
d 
+ 
o 
d 
H 
rn 
d 
H 
oo 
d 
d 
H 
o 
rn 
d 
<n 
d 
o 
d 
H 
NO 
(N 
d 
m 
d 
o 
d 
in 
d 
d 
+ 
c 
N 
H 
o 
d 
H 
oo 
d 
H o 
d 
H 
r-
rn 
d 
m 
rn 
d 
H 
d 
rn 
d 
H 
o 
rn 
d 
H 
rn 
d 
NO 
d 
m 
CN 
d 
H 
NO 
<N 
d 
+ 
< 
00 
d 
m 
00 
d 
o 
ON 
d 
oo 
d 
NO 
00 
d 
o 
ON 
d 
m 
oo 
d 
oo 
d 
o 
ON 
d 
CO 
d 
ON 
NO 
d 
oo 
d 
+ 
-a 
U 
o 
ON 
d 
O 
ON 
d 
o 
ON 
d 
o 
ON 
d 
O 
ON 
d 
O 
ON 
d 
o 
ON 
d 
O 
ON 
d 
00 
00 
d 
o 
ON 
d 
o 
00 
d 
in 
oo 
d 
+ 
3 
< 
in 
00 
d 
in 
00 
d 
in 
00 
d 
m 
00 
d 
NO 
00 
d 
in 
00 
d 
H o 
oo 
d 
H 
o 
oo 
d 
H 
o 
00 
d 
H 
o 
d 
H 
o 
d 
H o 
d 
+ 
<N 
H 
o 
d 
H 
o 
d 
m 
NO 
d 
H 
NO 
d 
oo 
NO 
d 
NO 
NO 
d 
H 
00 
d 
H 
NO 
d 
d 
H o 
rn 
d 
H 
m 
rn 
d 
NO 
d 
+ 
o 
» 
u. 
o 
g 
o 
C/2 
73 
e 
CQ 
+ 
r-i 
o 
D 
IX, 
O 
> 
+ 
o 
d 
A 
f -
I 
H H 
CO 
S 
E 
o 
o 
Q 
O 
U 
R 
s 
o 
a 
o 
VI O 
« o 
•t: «= 
o 
U 
o 
in 
+ 
Q 
00 
rn 
o 
O 
o 
+ 
00 
Q 
00 
o 
G 
Z 
+ 
00 
Q 
00 
en 
o 
U 
Z 
+ 
00 Q 
00 
m 
o 
ON 
Cs 
^ 
ON 
OS 
T. 
ON 
6s 
-
OS 
O^ 
S-2 
o 
rn 
o 
o 
o 
m 
o 
d 
H 
o 
d 
o 
d 
«n 
o 
d 
o 
d 
o 
d 
O 
d 
«n 
o 
d 
+ 
< 
H 
o 
d 
O 
d 
o 
d 
H 
o 
d 
»n 
o 
d 
o 
d 
H o 
d 
o 
o 
d 
«n 
rn 
d 
d 
o 
o 
d 
+ 
H 
oo 
d 
H 
o 
00 
d 
o 
d 
OS 
oo 
d 
H 
o 
-^ 
d 
o 
so 
d 
«n 
00 
d 
H 
o 
d 
o 
d 
H 
d 
«n 
d 
+ 
CM 
O 
u 
o 
00 
d 
H o 
oo 
d 
H o 
r-
d 
00 
d 
00 
d 
H 
in 
d 
H o 
»n 
d 
o 
so 
d 
H o 
d 
H 
o 
d 
d 
+ 
z 
o 
H o 
d 
<N 
d 
o 
H o 
m 
d 
<N 
d 
o 
d 
oo 
d 
o 
d 
o 
o 
d 
d 
+ 
c N 
00 
o 
d 
o 
rn 
d 
o 
m 
o 
d 
o 
d 
m 
d 
o 
d 
(N 
d 
o 
d 
w-1 
d 
+ 
< 
ON 
OO 
O 
OS 
OO 
d 
o 
OS 
d 
o 
OS 
o 
o 
d 
H 
o 
00 
d 
OS 
00 
d 
o 
d 
m 
d 
H o 
oo 
d 
o 
en 
d 
+ 
-a 
U 
o 
OS 
o 
o 
ON 
d 
O 
ON 
d 
o 
ON 
O 
O 
ON 
d 
O 
OS 
d 
O 
OS 
d 
o 
OS 
d 
o 
OS 
d 
o 
ON 
d 
o 
ON 
d 
+ 
(N 
< 
oo 
o 
so 
oo 
d 
H o 
00 
d 
«n 
oo 
o 
o 
d 
o 
d 
oo 
d 
o 
NO 
d 
o 
NO 
d 
o 
d 
o 
d 
+ 
d 
H 
SO 
d 
H 
o 
d 
H 
o 
d 
o 
d 
H 
o 
rn 
d 
H 
>n 
d 
H 
d 
(N 
d 
d 
o 
d 
+ 
in 
d 
H 
m 
d 
H 
o 
m 
d 
H 
o 
d 
o 
d 
H 
m 
d 
<n 
d 
H 
d 
o 
d 
H 
o 
d 
o 
d 
+ 
5 
140 
Table 5.5: Effect of Inorganic And Organic Impurities on The Separation 
of Co-existing Au^\ Cu^\ and Ag* on Silica Gel 'G' Layers 
Developed With 0.3% SDS (pH 2.3) + 5% NaCl (9:1) 
1% aqueous solution of different impurities 
N02~ 
Br" 
IO3-
SCN" 
P04^" 
o-Nitrophenol 
m-NitrophenoI 
p-Nitrophenol 
o-Aminophenol 
m-Aminophenol 
P-Aminophenol 
Methylamine 
Dimethylamine 
Trimethylamine 
o-Chloroaniline 
w-Chloroaniline 
/7-Chloroaniline 
Brij-35 
Triton X-100 
CTAB 
AOT 
10% Aqueous CTAB 
0.1% Aqueous AOT 
* Rp values of Au^ "^ , Cu^ "^  and Ag^ in the absence of impurities are 0.90, 
0.28 and 0.03 respectively. T = Tailed spot ( R L - R T > 0 . 3 ) . 
Separation (Rp; 
Au^" 
0.90 
0.89 
0.90 
0.90 
0.90 
0.88 
0.90 
0.90 
0.89 
0.90 
0.90 
0.89 
0.89 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.88 
0.88 
0.88 
0.90 
Cu^^ 
0.22 
0.17 
0.22 
0.17 
0.20 
0.13 
0.21 
0.19 
0.14 
0.55 
0.22 
0.17 
0.13 
0.25 
0.22 
0.23 
0.21 
0.21 
0.22 
0.14 
0.13 
0.12 
0.17 
• 
Ag^ 
0.03 
0.00 
0.00 
0.00 
0.00 
0.02 
0.02 
0.02 
0.02 
0.05 
0.02 
0.00 
0.00 
0.00 
0.02 
0.02 
0.02 
0.03 
0.02 
0.00 
0.03 
0.00 
0.03 
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.2+ Table 5.6: Spectrophotometric Determination of Cu After Its 
Separation From Ag* and Au 
Samples Amount 
loaded 
Amoiunt % Error Percentage Relative 
standard 
recovered recovery 
C i^g) 
deviation 
(pph) 
Gun metal 
Ornamental 
silver 
Copper 
sulfide 
(Cus) 
Copper 
pyrites 
(CuFeSj) 
22.86 
5.08 
25.45 
5.08 
22.26 2.62 97.37 
4.65 8.46 91.53 
23.45 7.85 
4.14 18.35 
92.14 
81.49 
1.75 
1.75 
2.56 
2.78 
Table 5.7: Experimentally Achieved Separations on Silica Gel 'G' 
Layers Developed With Different Mobile Phases 
Mobile phases Separations (RF) T 
1.44% SDS(pH 2.3) 
0.3% SDS (pH 2.3) 
0.3% SDS (pH 2.3) + 5% urea (9:1) 
0.3% SDS (pH 2.3) + 1% thiourea (9:1) 
Co^^ (0.88), Ni^ ^ (0.87)-Ar (0.12), Fe^^ (0.05), 
Ug^\ W0^\ Ti^\ U02^^ or Pb^* (0.00) 
Co^^ (0.89), Ni^^ ( 0 . 8 7 ) - A P ^ (0.11) 
Co^* (0.89), Ni^* (0.87)-Cu^^ (0.14) 
.3+ .2+ Au'^(0.90)-Cu^*(0.15) 
2+ Tr„3+ Au'* (0.87)-Cd'* (0.39)-V0^\ Ti^\ U02^\ Fe 
or Pb^* (0.00) 
Au^* (0.90)-Cu^* (0.42)-Ti''* (0.07) 
Au^* (0.89)-Cd^* (0.25)-Ti''\ Pb^* or Fe^* (0.05) 
.3+ ,2+ 2+ Au'* ( 0 . 9 0 ) - A P * (0.32)-VO^* or U02^* (0.00) 
a) The Rp values of metal ions in their mixtures are slightly changed from their 
individual Rp values because of mutual interactions. 
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Table 5.8: Experimentally Achieved Separations on Silica Gel 'G' 
Layers Developed With Different Mobile Phases 
Real samples 
(unspiked) 
High-copper dental 
amalgam (HCDA) 
Printed-circuit 
board (PCB) 
Silver mirror scrap 
(SMS) 
Silver mirror spent 
solution (SMSS) 
Sterling silver (SS) 
Electroplating gold 
waste 
Separation (RF) Spiked samples Separations (Rp) 
Au^ Cu * Ag"^  
Ag' (0.04) -Cu^^ (0.30) High-copper 0.90 0.32 0.03 
Ag^ (0.04)-Hg-^ (0.60T) dental amalgam 
(HDCA) 
Cir" (0.32)-Au''(0.90) Printed-circuit 0.91 0.31 0.04 
board (PCB) 
Ag* (0.03)-Cu-"^ (0.30) Silver mirror 0.92 0.32 0.02 
scrap (SMS) 
Ag* (0.03)-Cu'" (0.30) Silver mirror 0.90 0.30 0.03 
spent solution 
(SMSS) 
Ag'(0.02)-Cu-'(0.31) Sterling silver 0.90 0.29 0.03 
(SS) 
Au-^'(0.89)-Cu^'(0.30) Electroplating 0.92 0.30 0.04 
gold waste 
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—•-MS - • - M 9 -A-MIO - x - M l l 
0.4 
-•—M4 - B - M S - A - M 6 - X - M 7 
0.3 
0^ 0.2 
0.1 
0 
10 50 90 
Volume of Added Thiourea 
(a) 
0.4 
0.3 
tf" 0.2 
0.1 
-I 1 ' r 
10 50 
Volume of Added urea 
(b) 
90 
M16 •M17 M18 
10 50 90 
Volume of Added NaNOj 
(c) 
u. 
0.3 1 
0.2 
0.1 
10 
-I r 
50 90 
Volume of Added NaCI 
(d) 
Figure. 5.2. Plot of R, of Al(in) Vs volume of added thiourea (a), urea (b), NaNO, (c) 
and NaCl (d) in M2(0.3% aqueous SDS in pH 2.3). 
145 
M8 M9 -A-MIO - K - M l l 
1 -1 
0.9 
0.8 
0.7 H 
0.6 
0.5 
0.4 
0.3 
0.2 -\ 
0.1 
0 
10 50 90 
Volume of Added Thiourea 
(a) 
M4 - B - M S - A - M 6 - X - M 7 
10 50 90 
Volume of Added Urea 
(b) 
Figure 5.3. Plot of Rpof Cu(Il) Vs volume of added thiourea (a), urea (b) in 
M2(0.3% aqueous SDS in pH 2.3) 
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0 
B D 
Figure 5.4: Detected spots of Ag* on silica gel 'G' plates developed with 
following mobile phases: 
A: 0.1 % (1.0 g/L) aqueous thiourea plus 0.3% aqueous SDS (pH 2.3) 
B: 0.2% (2.0 g/L) aqueous thiourea plus 0.3% aqueous SDS (pH 2.3) 
C: 1.0% (10 g/L) aqueous thiourea plus 0.3% aqueous SDS (pH 2.3) 
D: 1.2% (12 g/L) aqueous thiourea plus 0.3% aqueous SDS (pH 2.3) 
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Figure 5.5: Separation pattern of coexisting Au^\ Cu^ ^ and Ag"^  with 
0.3% SDS (pH 2.3) + 5% NaCI (9:1) 
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Figure 5.6: Calibration curves for semiquantitative determination of Co^ "" and Cu 2+ 
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Figure 5.7: Calibration curve for quantitative determination of Cu 2+ 
150 
REFERENCES 
1. F.G.P. Millins; G.F. Kirkbright. Analyst, 1987, 109, 1217. 
2. J.G. Dorsey; M.T. Echegaray,; J.S. De. Landay. Anal. Chem., 
1983, 55, 924. 
3. M.G. Khaledi; J.K. Strasters; A.H. Rodgers; E.D. Breyer. Anal. 
Chem. 1990, 62, 130. 
4. D.W. Armstrong. Sepn. Purif. Methods, 1985, 14, 213. 
5. A. Mohammad; S. Tiwari; J.P.S. Chahar, S. Kumar. AOCS, 1995, 
72, 1533. 
6. T. Okada. J. Chromatogr. A. 1997, 780, 343. 
7. M.F. Borgerding; R.L. Williams Jr.; W.L. Hinze, F.H. Quina. J. 
Liq. Chromatogr., 1989, 12, 1367. 
8. A. Mohammad; N. Jabeen. Acta Chromatographia, 2003, 13, 135. 
9. D.W. Armstrong; M. MacNeely. Anal. Lett., 1979, 12, 1285. 
10. D.W. Armstrong; R.Q. Terrill. Anal. Chem., 1979, 51, 2160. 
11. D.W. Armstrong; J. Liquid Chromatogr., 1980, 3, 895. 
12. D.W. Armstrong; K.H. Bui. J. Liquid Chromatogr.. 1982, 5, 1043. 
13. J. Sherma; B.P. Sleckman; D.W. Armstrong. Liquid Chromatogr., 
1983,6,95. 
14. A. Mohammad; V. Agrawal. J. Planar Chromatogr.-Mod TLC, 
2000, 13, 365. 
15. D.W. Armstrong; G.Y. Stine, ^wo/. Chem. 1983, 55, 2317. 
16. S.N. Shtykov; E.G. Sumina; E.V. Smushkina, V. Tyurina, J. 
Planar Chromatogr.-Mod. TLC, 1999, 12, 129. 
17. Z. Mao; Q. Zhang. Fenxi Huaxue, 1984, 12, 455. 
18. T. Okada. Anal. Chem., 1992, 64, 589. 
19. A. Mohammad; V. Agrawal. J. Planar Chromatogr.-Mod. TLC, 
2000,13,210. 
20. A. Mohammad; E. Iraqi; LA. Khan. J. Surfactant and Detergent, 
1999,2, 523. 
21. A.S. Kord; M.G. Khaledi. Anal. Chem.. 1992, 64, 1901. 
151 
22. N.N. Patil; V.M. Shinde. Mikrochim Acta, 1998, 129, 299. 
23. Guor-Tzo. Wei; Fu-Ken. Liu. J. Chromatogr. A. 1990, 836, 253. 
24. E.O. Otto; J.J. Byerley; C.W. Robinson. Int. J. Environ. Anal. 
Chem., 1996,63, 81. 
25. F.Z.El. Aamrani; A. Kumar; L. Beyer; J.L. Cortina; A.M. Sastre. 
Solvent Extr. Ion Exch.. 1998, 16, 1389. 
26. X. Hu; H.Cai; W. Song. Dizhi Chubanshe, 1999, 18, 65. 
27. F.A. Cotton; G. Wilkinson. Advnaced Inorganic Chemistry, 5"' 
Edn., 1988, p. 943. 
28. A. Mohammad; Y.H. Sirwal. J. Planar Chromatogr.-Mod. TLC, 
2001, 15, 107. 
29. A. Mohammad; M.A.M. Khan. J. Planar Chromatogr.-Mod. TLC. 
1995,8, 134. 
Cfiapter-Vl 
Inducement of a iNeiv MiceOarMoBik ^hasefor 
Thin-Layer Separation amf Quantitative Tarnation 
qfiiCuminium (III) in (Baujcite vHtfi (BreBminary 
Separation from Iron (III) and Itanium (I^ 
152 
6.1 INTRODUCTION 
The interesting features such as possibility of direct 
observation, use of specific and colourful reactions, cost 
effectiveness, reasonable sensitivity, rapidity, excellent resolution 
power, capability of handling a large number of samples 
simultaneously, and the applicability of two dimensional separation 
have maintained the continuing popularity of thin layer 
chromatography (TLC) in its use as separation technique. The 
separation of heavy metal cations has attracted considerable 
attention in recent years because of their environmental, 
technological and metallurgical importance. Although many 
investigations have been made and reported (1-9) of the use of 
planar chromatographic techniques for the analysis of specific 
inorganic ions, there have been few studies on the simultaneous 
analysis of inorganic cations. T. Yoshinaga et al. (10) have used two 
dimensional thin layer chromatography (TLC) for simultaneous 
detection of twenty inorganic cations including Al"* and Fe"* on 
cellulose layer using two mobile phases i.e. (a) butanol saturated 
with a mixture of 3.0 M HNO3 and 1.0 M HCl (1:1) and (b) 
methanol-36% HCl (10:3). Mutual separation of Al^^ La^\ CO^* and 
Ni by solvent extraction using bis (2-ethyl hexyl) phosphinic acid 
has also been reported (11). TLC in combination with scanning 
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densitometry has been used for the simultaneous determination of 
Cu^ "^ , Fe^ "" and Fe^ "^  in serum (12) as their complexes with 2-[(5-
bromo-2 pyridinyl) azo] 5- (diethyl amino) phenol. 
A TLC method involving the use of alumina layers and 
mixed aqueous organic solvent systems as mobile phase has been 
used for the analysis of minerals consisting of Mo^*, Au"'^ , Pb^^, 
Cr^*, Ti""", Hg^"", Bi^^ and Mn^^ (13). Copper, Iron and manganese 
ions in cotton materials have been detected with preliminary 
separation on microcrystalline cellulose plates developed with 
acetone - HCl- H2O (8:1:2) using rubeanic acid as detector (14). 
Both Al^ "" and Fe"''^  were strongly retained from aqueous solutions at 
pH=4 by silica gel impregnated with a mixture of aliquot 336 and 
Alizarin Red S and hence they could not be separated (15). 
Efforts of using silica gel 'G' impregnated with mono (2-ethyl 
hexyl) acid phosphate (16) or high molecular weight amines (17) 
failed to resolve Ti^ "*^  and Fe^ "^ . Similarly Li* - impregnated silica gel 
layers with formate ion containing eluents were found in effective to 
separate Al^^ from Fe^ "" (18). Our earlier efforts to separate 
coexisting and Fe^ "*^  using tributylamine as imprcgnant of silica layer 
(19) or as a component of eluent (20) did not bear fruits. Though 
binary separation of Fe^ "^  either from Ti""^  or from Al''"' was always 
possible, separation from their ternary mixture was impossible. 
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Reversed-phase extraction TLC of inorganic ions performed 
with H2SO4 and (NH4)2 SO4-H2SO4 mobile phases on silica gel 
impregnated with tri-n-octylamine was very effective for selective 
separation of Cr^ "^  from associated metal ions but Al ^ Fe"'"^  and Ti ^ 
were found to demonstrate the identical mobility trends (21). 
The TLC methods reported till date record good separation of 
Fe "^^ , Ti'*'^  and Al^ "" from their binary mixtures but none of these 
procedures claim the simultaneous separation of these metal cations 
from their ternary mixtures. However, paper electrophoresis has 
been utilized for quantitative separation of AT*, Ti''* and Fe"'* from a 
sample of bauxite (22) using lactic acid as carrier electrolyte. Ti''* 
migrates towards cathode during electrophoresis. This procedure 
suffers from following limitations. 
(a) It lacks rapidity as the time of run was SVz h 
(b) Interference of inorganic and organic species on the mutual 
separation of coexisting Al^*, Fe^* and Ti''* ions has not been 
examined. 
(c) Effect of sample pH on the separation has not been 
investigated. 
(d) Influence of large quantity of one component on the separation 
of other component in the mixture has not been studied. 
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(e) Repeatability and reproducibility of the method has not been 
examined. 
AOT is one of the most widely studied anionic surfactants by 
physical scientists and biochemists (23) as it is capable to form co-
surfactant free microemulsions and exhibits remarkably rich 
aqueous-phase behaviour. However, its use by analytical chemist in 
chemical analysis is lacking. An effort has been made to utilize 
reversed micelles of AOT formed in hexane as mobile phase in 
normal-phase chromatographic analysis of phenol, naphthol and 2,4-
dinitro toluene using both silica and bonded-phase columns (24). As 
far as we are aware, no work has been reported on the use of AOT-
water-formic acid system as eluent in thin layer chromatographic 
analysis of metal cations. 
After careful survey of recent literature on planar 
chromatographic analysis of metal cations (25-27), we reached to the 
conclusion that the analytical potential of formic acid containing 
eluents has not been fully utilized. It was therefore, decided to use 
normal micelles of AOT with added aqueous formic acid solution as 
mobile phase in TLC analysis of heavy metal caiJDns. The literature 
data also show that simultaneous separation of Al^*, Fe^ "^  and Ti''^  is 
very interesting and analytically difficult. It was therefore decided to 
obtain full separation of the ternary mixture composed of Al^*, Fe"''^  
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and Ti""^  by TLC. The proposed method has been successfully 
applied for the analysis of bauxite ore. Though ICP-OES or ICP-MS 
are more sensitive and reliable techniques for the analysis of Al,Fe 
and Ti but TLC being inexpensive is more suitable for routine 
analysis.. Furthermore, this is the first report that describes the 
applicability of micellar mobile phase system in thin-layer 
chromatographic separation of coexisting aluminium, iron and 
titanium ions. 
6.2 EXPERIMENTAL 
All experiments were performed at 30+5°C 
Apparatus 
A thin layer chromatographic apparatus (Toshniwal, India). 
20x3.5 cm glass plates and 24x6 cm glass jar, spectrophotometer 
(ELICO, SL, 171 India) and pH meter (ELICO 181E, India) were 
used. 
Reagents 
Silica gel 'G', formic acid, citric acid, tartaric acid, acetic 
acid, oxalic acid, hydrochloric acid, sulphuric acid and nitric acid 
(E. Merck. India); cellulose microcrystallinc, kiesclguhr, alumina, 
cetyl-trimethyl ammonium bromide (CTAB) (CDH, India); sodium 
dodecyl sulphate (SDS) (Qualigens, India); Brij 35, Triton-100 (Loba 
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chemie, India); and aerosol -OT (AOT) (BDH, England) were used 
without further purification. 
Test Solutions 
1 % Standard aqueous test solutions were nitrate, sulphate and 
chloride of Al^\ Pb^\ Hg^\ C6^\ Kx'^ C o ' \ C\x^\ Mn^^ Mo^\ 
VO^^, Cr^* and Zn^^. For Fe^^, 1% ferric chloride solution was 
prepared in 1 % aqueous HCI, whereas 1 % titanium tetra chloride 
solution was prepared in 0.5% aqueous HCI. The titanium solution 
was stable for three to four weeks. 
Detectors 
Mo^ "^  with 1 % aqueous ferric chloride; Fe^ "^ , Cu^ "^ , Ti''"^ and 
VO^* with 1% aqueous potassium ferrocyanide; Ni^^ and Co^^ with 
1% alcoholic dimethyl glyoxime in ammonia; Zn^^, Cd^^, Hg^^, Pb^^ 
with 0.5% dithizone in carbon tetrachloride; Al^ "^  with 0.1 % 
aqueous aluminon solution; Mn^* with 2M aqueous NaOH in 30% 
H2O2 in 1:1 (v/v) and Cr^* with saturated solution of AgNOs in 
methanol were detected. 
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Stationary Phase 
The fol lowing stationary phase were used. 
Symbol Composi t ion 
~S^ Silica gel ' G ' 
52 Alumina 
53 Alumina + silica g e l ' G ' ( 1 : 9 ; w/w) 
54 Alumina+si l ica gel ' G ' ( 1 : 1 ; w/w) 
55 Aluminia+si l ica gel ' G ' ( 9 : 1 ; w/w) 
S(, Cellulose 
S7 Cellulose+silica gel 'G ' ( l :9 ; w/w) 
Sg Cellulose+silica gel 'G'( 1:1; w/w) 
S9 Cellulose-t-silica gel 'G ' (9: l ; w/w) 
Sio Kieselguhr 
Sii Kieselguhr+silica gel 'G ' ( l :9 ; w/w) 
S|2 Kieselghur+silica gel 'G ' (1:1; w/w) 
Si3 Kieselghur+silica gel 'G' (9:1; w/w) 
Mobile Phase 
The following mobile phase were used. 
Symbol Composition 
Aqueous surfactant solutions 
M, O.OOOIMAOT 
M2 O.OOIMAOT 
M3 O.OIMAOT 
Aqueous surfactant solution with carboxylic*, and mineral acids* 
M4 M2+formic acid (9:1 ;v/v) 
M5 M2+formic acid (1:1 ;v/v) 
M(, M2+formic acid (1:9;v/v) 
M7 M2+acetic acid (1:1 ;v/v) 
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Mg M2+oxalic acid (1:1; v/v) 
M9 M2+tartaric acid (1:1; v/v) 
Mio M2+citric acid (1:1; v/v) 
Ml I M2+hydrochloric acid (1:1; v/v) 
M12 M2+sulfuric acid (1:1; v/v) 
Mi3 M2+nitric acid (1:1; v/v) 
Aqueous surfactant solution with mononcarboxylic acid* (formic acid) 
Mi4 0.00IM CTAB+formic acid (1:1; v/v) 
Mi5 O.OOIM SDS+formic acid (1:1; v/v) 
M16 O.OOIM Triton-100+formic acid (1:1; v/v) 
Mi7 O.OOIM Brij 35+formic acid (1:1; v/v) 
* Acids were taken as l.OM aqueous solution. 
Preparation of TLC plates 
(a) Plain silica gel, cellulose, alumina and kieselguhr thin layer 
plates 
Plain silica gel plates were prepared by mixing silica gel with 
double distilled water in 1:3 ratio with constant shaking until a 
homogeneous slurry was obtained. The resultant slurry was applied 
to the glass plates with the help of an applicator to give a 0.25 mm 
thick layer. The plates were dried at room temperature and then 
activated at 100+5"C by heating for Ih. The activated plates were 
stored in a closed chamber at room temperature unit used. Similarly 
TLC plates of plain cellulose, alumina and kieselguhr were prepared 
following the above mentioned process. 
(b) Mixed silica gel-cellulose, alumina or kieselguhr plates 
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The mixtures containing cellulose, alumina or kieselguhr and 
silica gel 'G' in different ratio (9:1, 1:1, 1:9 w/w) were slurried with 
double distilled water in 1:3 ratio by shaking until a homogeneous 
slurry was obtained. Thin layers of resultant slurry were prepared by 
following the method as described above in (a) 
Preparation of analyte samples 
(a) Preparation of spiked sea water, tap water and river water 
5 ml each of sea water (pH 8.47, collected from Anjana beach 
of the Arabian sea, Goa, India), river water (pH 7.50 collected from 
Ganga river at Naraura, India) and tap water (pH 7.23) was spiked 
with 1 ml solution each of Al"'^ Fe"'"^  and Ti"*"^  salts and the resultant 
pH of the spiked samples were 1.83, 1.34 and 1.23 respectively. 
Aliquots 0.01 ml of resultant samples were applied separately on 
three activated TLC plates (S|) and chromatography was performed. 
(b) Preparation of bauxite solution 
1% sample solution of bauxite was prepared by adding 10 ml 
concentrate HCI in 1 g bauxite ore sample followed by adding 5 ml 
concentrate HNO3 and 15 ml (1:1) dilute H2SO4. The contents were 
heated at 100"C lor 1 h. Ihe Si02 present in the sample was 
separated by filtration. Filtrate was completely dried and the residue 
was dissolved in 1 % HCI. The Total volume was increased to 100 
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ml by adding 1%HCI. 
(c) Preparation of spiked bauxite solution 
5 ml of bauxite ore solution as prepared above was spiked 
only with 1 ml of 1% solution of titanium tetrachloride and 0.01 ml 
of resultant spiked sample was applied on activated TLC plate (Si) 
and chromatography was performed. It was done as we could not 
detect Ti"*"*^  in real bauxite sample solution as described above in (b) 
on TLC plates. 
Procedure 
About 0.01 ml of test solutions, spiked ore solution or 
unspiked ore solutions was spotted separately on activated TLC 
Plates (Si). The spots were air dried and were developed with 
solvent systems (MpMn) by the ascending technique upto 10 cm 
from the point of application in glass jars. After the development, 
the plates were withdrawn from glass jars, air dried and sprayed with 
suitable detectors to locate the position of the analyte as colourful 
spot. Ri and Rj values for detected spots were determined and the 
Ri value was calculated. 
For separation, equal volumes of metal cations were mixed 
and 0.01 ml of the resultant mixture was loaded on the activated 
TLC (Si-Sn) plates. The plates were developed with selected mobile 
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phase M5, the spots were detected and RF values of the separated 
metal cations were calculated. 
To study the effect of the presence of organic and inorganic 
species as impurities on the separation of metal cations, 0.01 ml 
each of Al^ "^ , Fe^ "*" and Ti"*"^  metal cations standard test solutions was 
spotted on TLC plates (Si) followed by the 0.01 ml spotting of 
organic or inorganic species (which were considered as impurities). 
The plates were developed with M5, detected and Rp values of the 
separated metal cations were calculated. 
The limits of detection of the metal cations were determined 
by spotting 0.01 ml of metal salt solutions on the TLC plates (Si) 
which were developed with M5 and the spots were visualized using 
the appropriate detector. This process was repeated with successive 
reduction of the concentration of the metal salts by adding 
demineralized double distilled water, except Ti'*"*^  for which 1 % 
aqueous HCl was used for dilution, until no detection was possible. 
The amount of metal just detectable was taken as the detection limit. 
In order to achieve the separation and detection of metal 
cut ions at different pH values, the pH of the test samples were 
brought to the required value by adding borate phosphate buffer 
solutions of different pH. 
For microgram separation of Fe^^ from milligram quantities of 
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Al^^ TLC plate (S|) was spotted with 0.01ml of iron salt solution 
containing 3.43|ig Fe''"^  followed by spotting of 0.01 ml of 
aluminium salt solution containing 1.27 mg-2.53 mg Al^ "^  at the 
same place. The spots were dried, the plates developed with M5 and 
visualized, RL and Rj values determined for both the metal cations. 
The same procedure was followed for microgram separation of AP* 
from milligram quantities of Fe^^ for which Sj) was spotted with 
1.26^igAl^^ and 0.17-0.51 mg Fe^^ 
Spectrophotometric determination of aluminium: 
Spectrophotometry of aluminium after TLC separation from 
iron and titanium was carried out as follows. A sample of aluminium 
nitrate solution containing 3.16 to 38.01 }xg of aluminium was 
treated with 1ml of 0.1% aqueous aluminon and the volume was 
made upto 10 ml with demineralized double distilled water. After 
thorough mixing the solution was left for 10 minutes for complete 
colour development. The absorption spectrum of this solution 
against reagent blank over 400-680 nm gave a maximum absorbance 
peak at 540 nm (Xmax) using 1cm cells and a standard curve was 
constructed (Figure 6.3a). The colour produced with aluminium was 
stable and proportional to aluminium concentration. 
This spectrophotometric method was used to determine 
aluminium. The recovery of aluminium after separation from iron 
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and titanium was determined as follows. 
Different volumes (0.0 1-0.12 ml) of aluminium nitrate 
solution containing 3.16 to 38.01 fig aluminium were spotted on the 
TLC (Si) plates. After the spots were completely dried, O.lmg of 
iron and titanium salt solutions were spotted on the same spot on the 
TLC (Si) plates and the plates were redried at room temperature. The 
dried plates were developed in M5. A pilot plate was also run 
simultaneously to locate the position of aluminium. After 
development the region containing the aluminium spot on the pilot 
plate was detected the corresponding region on the working plates 
(undetected spot) was marked and this area of adsorbent was scraped 
into a clean beaker and followed by the adding of 25 ml of 
demineralized double distilled water. Beaker was kept in oven at 
60°C for Ih. The adsorbent was separated from the solvent by 
filtration process, and followed by washing of the adsorbent with 
demineralized double distilled water, to ensure complete extraction 
of aluminium. The filtrate was kept on water bath for complete 
removal of formic acid, (it would be present in scraped adsorbent 
due to the mobile phase M5 used). The residue was dissolved in 
demineralized double distilled water (2ml) and I ml chromogenic 
reagnet (0.1 % aqueous aluminon) was added to it. The total volume 
in each case was maintained to 10 ml using demineralized double 
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distilled water. The solution was left for complete colour 
development for 10 minutes. The absorbance spectra of this solution 
was measured against reagent blank at 540 nm. (^ max) using 1 cm 
cells and a recovery curve was constructed (Figure 6.3b). 
The percentage recovery of aluminium after its 
chromatographic separation from iron and titanium and the relative 
error, were obtained. The constructed standard curve was used to 
estimate the aluminium present in different bauxite ores collected 
from Madhya Pradesh, central India and east coastal region. 
For checking repeatability of Rp values, equal volumes of 1 % 
metal salt solutions of Ti'*'^ , Fe^ "*^  and AI^ ,^ were mixed and 0.01 ml 
of the resultant mixture was loaded on the activated TLC plates (Si). 
The plate was developed with M5 and spots were detected. The same 
process was repeated five times by the same analyst within a day 
(short interval of time) and Rp value of separated metal cations were 
calculated: 
For reproducibility, the same process as mentioned above, was 
repeated by different analysts in the same laboratory for seven days. 
6.3 RESULTS AND DISCUSSION 
The result of this study has been summarized in Tables 6.1-6.3 
and Figures 6.1-6.3. The mobility of 14 metal cations were examined on 
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silica gel G layer using aqueous solution of AOT. The interesting unique 
features of this study are. 
1. Selection of micellar systems composed of anionic surfactant, 
Aerosol-OT (AOT) as mobile phase. AOT bears a fraction of 
negative charge and tends to attract positively charged species 
including metal cations. 
2. Utilization of formic acid as an additive in the mobile phase. 
Formic acid being a carboxylic acid is capable to form 
complexes with certain metal ions (28) and is sufficiently 
acidic [Ka (H2O) at 25°C=1.77x10"''] to check the hydrolysis of 
salts. Its reducing properties do not permit the oxidation of 
metal cations during analysis. The acidic developers 
containing formic acid are less affected by silica gel properties 
and provide excellent resolution of aflatoxins (29) and cations 
(30). 
3. Realization of mutual separation of Al^^, Fe^ "^  and Ti'*^ from 
their mixtures and examination of effect of various factors on 
the separation of co-existing Al''^ Fe^"*^  and Ti"*"^  ions. 
4. Quantitative determination of Al^* by spectrophotometry with 
preliminary separation from other metal cations. 
5. Application of proposed method to the analysis of several real 
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and synthetic samples containing Al^^, Fe''^ and Ti .^ 
(A) Optimization of mobile phase system 
1. Effect of concentration of surfactant on mobility of metal cations 
To examine the effect of concentration level of surfactant on 
the mobility of metal cations, chromatography was performed on 
silica gel layers using different concentrations of surfactant in 
mobile phase (MpMs). This concentration range of AOT was 
selected to perform the chromatography with mobile phase systems 
which have the surfactant concentration (a) below its critical micelle 
concentration (cmc) value (b) near cmc and (c) above cmc. 
The RF values of metal cations obtained in aqueous solutions 
of AOT (M1-M3) at various concentration levels have been presented 
in Table 6.1. From the data of Table 6.1 following conclusions are 
drawn. 
(i) Metal cations such as Fe^^, Cu^^ Zn^^. Al^* and VO^^ 
show very little mobility (Rp ~ 0.08) whereas Ti"*"^  and 
Pb^ "^  show no mobility ( R F = 0 . 0 ) at all concentration 
levels of aqueous AOT. 
(ii) Ni^ "*^  produces badly tailed spots at all concentrations of 
AOT. Hg^^ shows tailed spots at AOT concentration 
levels of 0.0001 and O.OIM whereas it produces well 
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formed compact spot at 0.00 IM AOT. This observation 
indicates that tailed spots for Hg^ "^  occur when the 
surfactant concentration is either below or above its cmc 
value. The cmc of AOT is 0.00064M. Cd^^ shows tailed 
spots only with M3 (AOT=0.01M) mobile phase. 
(iii) Co^^ and Mn^ "^  show intermediate Rp values which 
fluctuate between 0.62-0.66 and 0.44-0.54 for Co^^ and 
9-4-
Mn respectively. 
(iv) Mo^ "^  shows constant and high mobility ( R F = 0 . 9 8 ) and 
forms well compact spots at all concentration levels. 
(v) Mobility of Cr^ "^  increases with the increase in 
concentration of AOT. However, badly tailed spots at 
concentration level below the cmc of AOT (M|) were 
observed. 
As more compact spots for cations were realized at 0.00 IM 
AOT, this mobile phase (M2) was selected for further studies. 
2. Synergistic effect of formic acid on mobility of metal cations 
The effect of formic acid, a monocarboxylic acid on the 
mobility of metal cations was studied, using mobile phase consisting 
of O.OOIM AOT and formic acid in different volume ratios (M4-M6). 
The Rp values of metal cations observed with these mobile phases 
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are presented in Figure 6.1. From this figure following trends about 
the mobility of metal ions are noticeable. 
(i) Mobility of most of the metal cations such as Fe^^, Cu^^, 
Ni^^ Co^\Zn^\ Hg^\ Cd^\ Al^^ and Mn^^ was found 
toincrease with increase in volume ratio of formic 
acid with 0.001 M AOT in mobile phase systems (M4-
M6) 
(ii) VO^ "*^  shows badly tailed spots at all volume ratios of 
formic acid. 
(iii) Ti''^ and Pb^ "^  remain at the point of application 
regardless the concentration level of formic acid. 
(iv) Cr^^ forms double spots, first spot appears near the 
solvent front ( R F = 0 . 9 3 ) on TLC plate whereas the 
second spot appears in the middle of the plate. The Rp 
value of second spot depends on the forming acid 
concentration and varies from R F = 0 . 5 2 to 0.64 with the 
increase in volume ratio of formic acid in the mobile 
phase systems (M^-Mf,) containing O.OOIM AOT. 
It was observed that formic acid acts as a promoter of 
mobility, it is probably due to the higher density of H^ ions in 
formic acid containing mobile phase systems, which compete the 
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cation for the exchange on silica gel layer, with enhanced 
compactness of spots for most of metal cations with exception of 
From the above studies, a TLC system constituting of silica 
gel as stationary phase (Si) and O.OOIM aqueous AOT plus IM 
aqueous HCOOH in 1:1 ratio as mobile phase (M5) was identified as 
the most favourable system for the separation of Ti"*"^ , Fe^^ and Al"'^ 
from their mixtures. The order of mobility (Rp given in parenthesis) 
was Al^* (0.83) > Fe^^(0.48) > Ti'**(0), which is analogous to the 
mobility trend reported by A. Lacourt et al (31), who separated these 
cations by paper chromatography using formic acid containing 
eluents. 
To search out most favourable experimental conditions for 
mutual separation of coexisting A P * , Fe^* and Ti'*^ ions, following 
factors were examined. 
5. Effect ofCarboxylic and Mineral Acid on Mobile Phase 
To understand the effect of carboxylic and mineral acids on 
the separation of coexisting Al'*. Fe"^ * and Ti"*'. formic acid (1.0 M) 
in M2 was replaced by l.O M of other acids and the resultant mobile 
phase systems were used for chromatography. The obtained results 
as shown in Figure 6.2 indicate the following trends. 
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(i) Mineral (HCI and HNO3) and carboxylic (citric, tartaric, 
acetic and oxalic) acids have serious influence on the 
mobility of Al"'^  and Fe^^ and hence hamper the 
separation. 
(ii) Ti'** could not be detected in the presence of citric, 
tartaric, oxalic, hydrochloric and nitric acids. 
(iii) The simultaneous separation of Al^^, Fe^ "^  and Ti''^ is 
possible only with mobile phase system containing 
either formic (M5) or sulphuric (M12) acid in 
combination with AOT. 
(iv) Compared to H2SO4, better separation was with formic 
acid containing eluent because of the formation of more 
compact spots of analytes. 
(b) Effect of added surfactants in the mobile phase 
The effect of nature of surfactants (anionic, cationic and non 
ionic) of the same molarity (0.00 IM) added to 1.0 M formic acid in 
1: 1 ratio (Mu-Mjy), on separation of coexisting Al"'^ , Fe^^ and Ti'*^  
was studied. It was found that the mobility of Ti"*^  (RF=0.0) remain 
unaltered. Irrespective of the nature of surfactant in the mobile phase 
(M14-M17). However, a little change in Rp values for Fe^^ and Al^* 
was observed. The cationic surfactant (CTAB) containing mobile 
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phase ( M M ) promotes the mobility of both Fe^ "^  ( R F = 0 . 6 7 ) and Al^^ 
( R F = 0 . 9 0 ) from their standard Rp values 0.48 and 0.83 respectively 
in Ms, without hampering the possibilities of simultaneous 
separation of Ar"^, Fe^^ and Ti^ "*^ . 
(c) Effect of nature ofsorbent layers 
In order to establish the effectiveness of silica gel 'G ' , the 
mutual separation of Al^ "*^ , Fe^^ and Ti"* ,^ was examined using 
different sorbent layers. 
Thin layers of pure cellulose, alumina and kieselguhr G fail to 
resolve the three-component mixture of Al"'^, Fe^^ and Ti''^. 
Separation of coexisting AP*, Fe^* and Ti^*, is possible only if silica 
gel G is kept > 50% (w/w) in mixed adsorbent thin layers. Low 
weight ratio of silica gel G with alumina, cellulose and keiselguhr G 
causes tailing in Fe^ "^ , 
(d) Effect of impurities 
The presence of heavy metal cations, pesticides, phenols, 
alcohols, ketones and urea in the sample as impurities do not 
influence the mutual separation of Al^^, Fe^^ and Ti''^ although the 
Rp value of Fe"'"^  is slightly modified (Rp varies between 0.62 to 
0.39) from its standard value ( R F = 0 . 4 8 ) in the presence of 
impurities. Amines (dimethyl, triethyl and tributyl) and anions 
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(P04^~ and SCN~) were found to hamper the separation. These 
impurities converted the compact spot of Fe^^ into badly diffused 
spot. 
(e) Effect ofpH of test sample 
It was found that AI^ "^ , Fe^*, and Ti""^  can be easily separated 
from each other upto pH 2.3. At higher sample pH, Ti''^ and Fe^^ get 
precipitated. Thus separation of coexisting Fe"'"^ , Al^* and Ti"*^  is 
possible, only upto pH 2.30 of sample solution. 
(f) Effect of loading amount ofanalyte 
It was observed that 3.43 ^g of Fe^ "^  can easily be separated 
from 1.78 mg of Al''"^ . Similarly 1.26 }jig of Al'''^  can be separated 
from 0.40 mg of Fe^*. Thus milligram quantities of one metal cations 
can be successfully separated from microgram amounts of other 
cation, using the proposed TLC system. 
(g) Limit of detection 
The lowest possible detectable nanogram amounts (given in 
parenthesis) of heavy metal cations obtained on silica gel 'G' layers 
(S,) developed with Mj were Fe^^ (42.5), Al^* (0.5) and Ti"* (200.8). 
These data show that the proposed method is very efficient to 
identify these metal cations at trace level. 
(h) Quantitative determination of Al^^ 
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The calibration curve for Al^ "^  was constructed (Figure 6.3 
a,b). The absorbance gives a linear relationship in the concentration 
range 3.16 to 38.01|ig of AP'. The maximum recovery of AT"^  after 
the TLC separation from Fe^* and Ti''^ is 94%. 
It was observed that the percentage amounts of Al^^ present in 
Madhya pradesh, central India and east coastal bauxites are 37.75, 
62.5 and 57.5 respectively, which fall within the range of percentage 
content of Al^ "^  actually present in the bauxite ores. 
(i) Validation parameters 
The RSD of reproducibility and repeatability of our proposed 
method were not more than + AA1%. and + 7.085% respectively. 
(j) Applications 
Some important separations of metal ions obtained 
experimentally on silica gel 'G' layer (S|) with mobile phase systems 
M3, M4 and M5 have been listed in Table 6.2. M3 and M4 mobile 
phase are found useful for the separations of coexisting Cr^ * (0.92)-
Mn^^ (0.51)-Cu2\ W6^\ Vt^\ Tx'\ Zn^^ or Al^"(0.05) and 
€0^^^(0.77)- Al^^(0.52)-Fe^\ Pb^* or Ti^ ^ (0.07) respectively, where 
as M5 mobile phase is considered as one of the most favourable 
mobile phase for the separation of coexisting Ni^ "^ , Mn^ "", Co^ "^ , Zn^ "", 
Cd'^ Hg^^ or Al^ ^ -Fe^^-Pb^^ or Ti'^(O.O). The results related to the 
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separation and identification of Al^ "^ , Fe^ "" and Ti''^ in various spiked 
matrices and bauxite ore samples are listed in Table 6.3. From the 
data listed in Table 6.3 it is cleared that Rp or Al^ ^ and Fe^ "" fluctuate 
from 0.77 to 0.83 and 0.52-0.30 respectively, where sea water 
sample shows lowest Rp values of Al^ "^  (0.77) and Fe^^(0.3). In case 
of bauxite samples Rp value of Fe^^(0.43) is slightly lowered in case 
of central India and east coastal bauxite. Ti'*'^  shows no mobility and 
remains at the point of application. Whereas in bauxite samples Ti"*^  
is not detectable because of lower amount than limit of detection. 
These data clearly demonstrate the applicability of the proposed 
method for simultaneous separation of Al^ "^ , Fe^^ and Ti''^ from a 
variety of samples. 
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Table 6.1: Rp of Metal Cations with Different Surfactant (AOT) 
Concentrations. 
Metal cations 
Fe^^ 
Cu'* 
Ni^^ 
Co'' 
^ . 4 . 
Pb^" 
Zn^" 
Hg^^ 
Cd^" 
Al^" 
Mn'" 
Mo^^ 
Cr^" 
vo'* 
M, 
0.08 
0.08 
0.78T 
0.62 
0.0 
0.0 
0.08 
0.20 T 
0.30 
0.05 
0.44 
0.98 
0.50 T 
0.08 
M2 
0.11 
0.10 
0.82T 
0.63 
0.0 
0.0 
0.11 
0.15 
0.28 
0.09 
0.54 
0.98 
0.86 
0.13 
M3 
0.09 
0.06 
0.65T 
0.66 
0.0 
0.0 
0.09 
0.22 T 
0.35T 
0.10 
0.50 
0.97 
0.91 
0.09 
T=Tailed spot ( R L - R T > 0 . 3 ) 
Table 6.2: Rp of Metal Cations on Silica Gel 'G' Layers 
Developed with Different Mobile Phase Systems. 
Mobile Phase Separation 
M3 Cr^^(0.92) -Mn^^(0.51) -Cu^^(0.05)/ VO^* or 
Fe^^(0.07)/ Ti*^(0.0)/ Zn^^ or Al^^ (0.09). 
M4 Co^^(0.77) -Al^^(0.52) -Fe^^(0.18)/Pb^* or Ti'" 
(0.07) 
M5 Ni^^(0.86)/ Mn^^(0.84)/ Co'^(0.90)/ Zn^^(0.80)/ Cd^^ 
(0.85)/ Hg2"(0.76)/ Al^"(0.81) -Fe^"+(0.51) - P b ' " or 
Ti^^(O.O) 
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Table 6.3: Rp of Al^\ Fe^ ^ and Ti^ * Cations from Spiked and 
Bauxite Ores Samples. 
Mobile Phase: M5 
samples 
Sea water 
River water 
Tap water 
Central India bauxite 
Spiked central India bauxite 
East coastal bauxite 
Spiked east coastal bauxite 
Madhya Pradesh bauxite 
Spiked Madhya Pradesh 
bauxite 
Al^ ^ 
0.77 
0.81 
0.83 
0.80 
0.81 
0.81 
0.80 
0.83 
0.83 
Separations (Rp) 
Fe 
0.30 
0.52 
0.51 
.043 
0.43 
0.44 
0.45 
0.52 
0.51 
^ j 4 . 
0.0 
0.0 
0.0 
N.D. 
0.0 
ND 
0.0 
N.D. 
0.0 
ND=Not detected 
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spectrophotometric determination of Al^ ^ 
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Adsorption Studies of MetaCCations on a 
Silica Static Tldt (Bed Vsing Anionic MiceSdr 
MoBHe-pHase Systems Containing CarSoxyRc Acids: 
Separation ofCo-ejQsting Iron (III), Copper (II) and 
!Nic^C(II) Cations 
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7.1 INTRODUCTION 
Thin-layer chromatography (TLC) is the simplest, most 
convenient and most economic chromatographic technique for the fast 
separation and identification of inorganic cations. It permits separation 
by colour, simpler detection and easier manipulation of mobile and 
stationary phases. As a result, numerous sorbents and an even greater 
number of mobile phases have been developed for achieving improved 
chromatographic performance in terms of selectivity, resolution, 
rapidity and reproducibility (1-7). 
The use of micellar solutions as mobile phases in TLC was first 
reported in 1979 by Armstrong and co-workers (8-9). The unique 
advantages of micellar systems include the capability of 
simultaneously separating ionic and non-ionic compounds, faster 
analyses, higher detection sensitivities and enhanced selectivities. The 
most fascinating feature of micellar solutions is their dual hydrophobic 
and hydrophilic character that provides electrostatic and hydrophobic 
interaction leading to unusual separation possibilities for inorganic and 
non-ionic solutes. As a result, micellar mobile phases have been 
extensively used in reversed-phase chromatography to separate and 
distinguish various organic compounds (10-13). In contrast, the use of 
micellar mobile phases in inorganic chromatography has been limited 
in comparison to traditional hydro-organic mobile phases. Micellar 
mobile phases were found to suffer a serious loss of efficiency. Several 
chromatographers carefully examined this aspect and Dorsey et al. (14) 
reported that the addition of a small concentration of organic modifier 
(propanol) into micellar mobile phases improved their efficiencies by 
reducing the amount of surfactant adsorbed on the stationary phase. 
From the literature, it appears that the use of both normal and 
reversed-phase micelles as mobile phases in high-performance liquid 
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chromatography (HPLC) has been extensive. However, surfactant-
containing solvent systems have not been fully utilized in the analysis 
of inorganics by thin-layer chromatography. The small amount of work 
undertaken in our laboratory has shown the tremendous analytical 
potential of surfactant-mediated mobile-phase systems in the presence 
of organic solvent modifiers. This paper reports the use of acidified 
sodium dodecyl sulphate (an anionic surfactant) as part of a surfactant-
containing mobile-phase system for the separation of co-existing 
nickel, iron and copper cations in synthetic ores on a silica gel layer. 
The separation of Fe"'*, Cu^ "^  and Ni^ ^ cations from their mixture 
is difficult because of their closely similar structural properties, e.g. 
Fe^ ,^ Cu^ "^  and Ni^ "^  have the same hydrated ionic radii (15) and almost 
the same electronegativity (16). All these factors are reflected in the 
similar chromatographic behaviours of these metal cations. 
Furthermore, Ni cations interfere in the detection of Cu cations and 
impose a restriction on the application of several non-specific but 
sensitive reagents for the detection of the Cu cation (17). Similarly, 
copper salts which produce a red-brown Cu(CNS) colouration interfere 
in the detection of Ni^ ^ cations using alkali thiocyanates (17). It should 
also be noted that Fe^^ and Ni^ "^  cations produce brown and violet 
coloured products, respectively, with an ethanolic solution of 
dimethylglyoxime (18) and hence the presence of one metal ion 
hampers the detection of others. 
Copper is associated with iron in copper pyrites (CuFeS2), the 
ore containing 4% Cu^ "" cations and 96% Fe^ "^  cations. Similarly, in 
pentlandite ore, iron and nickel sulphides are associated with copper, 
and hence separation is needed to isolate pure Cu, Fe and Ni from their 
ores. Copper and nickel form a number of useful alloys such as German 
silver containing 60% Cu^ "^ , 20% Ni^ ^ and 20% Zn^^ which is used in 
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making bullet sheath and Invar contains 36% Ni^^. Monel metal, which 
contains ca. 60% nickel with the rest being copper, is acid-proof and is 
used in boilers and turbine blades. Nichrome contains 60% nickel, 15% 
chromium and 25% iron while Constantan containing 40% nickel and 
60% copper is used in electrical work. If required, the pure metals 
could be separated from these alloys using the method proposed below. 
7.2 EXPERIMENTAL 
Materials 
Sodium dodecyl sulphate (SDS), dimethylglyoxime, acetic acid, 
methanol, ethanol, propanol and butanol were obtained from 
Qualigens, India; potassium ferrocyanide and dithizone were obtained 
from BDH, India; while silica gel 'G', formic acid, urea and sodium 
bromide were obtained from E. Merck, India. All other chemicals were 
A.R. grade. 
Preparative procedures 
The following metal cations were studied: Fe^^, Cu^ "*^ , Ni^*, Co^*, 
Cd^ "^ , Zn^ "^ , Ag^, Pb^ "*^ , Bi^* and Hg^^. Chromatographic studies were 
performed using standard aqueous solutions (1%) of the chloride, 
nitrate or sulphate salts of the above-mentioned metal cations. These 
were detected using the following solutions: Fe^* and Cu^ "" cations 
were detected using a 1% aqueous solution of potassium ferrocyanide; 
Ni and Co cations using a 1% solution of alcoholic 
dimethylglyoxime; Zn^\ Cd^^, A g \ Pb^\ Bi^^ and Hg^^ cations using 
0.5% dithizone in CCl4. 
A TLC apparatus (Toshniwal, India), 20 x 3-cm glass plates, 
24 X 6-cm glass jars, a pH meter (Elico model LI-IOT, India) and a 
spectrophotometer (Elico model SL 171, India) were used. All studies 
were performed using silica gel 'G ' as the stationary phase and the 
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solvent systems listed in Table 1 as the mobile phase. 
Preparation of TLC plates 
The TLC plates were prepared by mixing silica gel 'G' with 
demineralized water in a 1:3 ratio by weight with constant shaking to 
obtain a homogeneous slurry. An applicator was employed to apply the 
resultant slurry onto the glass plates to give a layer of 0.25 mm 
thickness. The plates were first dried at room temperature and then 
activated at 100 ± 5°C by heating in an electrically controlled oven for 
1 h. The activated plates were stored in a closed chamber at room 
temperature until used. 
Preparation of spiked, industrial wastewater, seawater, tap water and 
river water 
A known volume (5 ml) of each of the following was spiked with 
100 mg of Ni, Cu and Fe salts: industrial wastewater (pH - 2.34) 
collected from Lock Industries, Aligarh, India; seawater (pH -8.47) 
collected from Anjana beach of the Arabian Sea, Goa, India; tap water 
(pH = 7.23); and river water (pH = 7.48) obtained from the Ganga river 
at Naraura, India. Since the Ni^* ion was already present in industrial 
wastewater, the latter was alternatively spiked with copper and iron 
salt solutions only. 
Preparation of a hydroxide and sulphide sludge 
To prepare a hydroxide and sulphide sludge from industrial 
wastewater and standard solutions containing metal cations, 1 ml of 
industrial wastewater (pH = 2.34) contained in two different beakers 
was spiked with 1 ml each of 1% Cu^ "^  and 1% Fe"'"' salt solutions, 
whereas 1 ml each of 1% Cu^% Fe^ "" and Ni^^ salt solutions were placed 
in two different beakers in the preparation of the standard solutions. 
Approximately 10 ml of 0.5% aqueous thioacetamide solution was 
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added to a beaker containing industrial wastewater and to a beaker 
containing standard solution, while ca. 10 ml of 0.5% aqueous NaOH 
solution was added to the remaining two beakers. 
After complete precipitation of the metal cations as sulphides or 
hydroxides, the precipitates obtained were separated by centrifugation. 
Each resultant precipitate was washed several times with distilled 
water and then dissolved in the minimum possible volume of cone. 
HCl. The beakers were maintained over a hot water bath to effect the 
complete removal of acid. The residues were dissolved in 5 ml doubly 
distilled water and aliquots (0.01 ml) of the resultant samples were 
applied onto different TLC plates and chromatography performed. 
Mobile phases 
No. Symbol Composition 
(a) Ml water 
(b) Aqueous surfactant solutions 
M2 1% aqueous SDS 
M3 5% aqueous SDS 
M4 10% aqueous SDS 
M5 15% aqueous SDS 
(c) Micellar solutions with organic additives 
Me M3 + methanol (8:2, v/v) 
M7 M3 + methanol (5:5, v/v) 
Mg M3 + methanol (2:8, v/v) 
M9 M3 + ethanol (8:2, v/v) 
Mio M3 + ethanol (5:5, v/v) 
Mil M3 + ethanol (2:8,v/v) 
M|2 M3 + propanol-1 (8:2, v/v) 
M13 M3 + propanol-1 (5:5, v/v) 
Mi4 M3 + propanol-l (2:8, v/v) 
Mi5 M3 + butanol-1 (9.5:0.5, v/v) 
M3 + butanol-l(9:l,v/v) 
M3 + 1% aqueous urea^  (8:2, v/v) 
M,6 
M,7 
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Mi8 M3 + urea (5:5, v/v) 
Mi9 M3 + urea (2:8, v/v) 
M20 M3 + 1 % aqueous formic acid* (8:2, v/v) 
M21 M3 + formic acid (5:5, v/v) 
M22 M3 + formic acid (2:8, v/v) 
M23 M3 + 1% aqueous acetic acid'^  (8:2. v/v) 
M24 M3 + acetic acid (5:5, v/v) 
M25 M3 + acetic acid (2:8, v/v) 
(d) Micellar solutions with inorganic additives 
M26 M3 + 1% aqueous sodium bromide^ (8:2, v/v) 
M27 M3 + sodium bromide (5:5, v/v) 
M28 M3 + sodium bromide (2:8, v/v) 
'1% aqueous solutions of urea, formic acid, acetic acid and sodium bromide were used. 
Preparation of synthetic alloys 
German silver (Cu, 60%; Zn, 20%; Ni, 20%) and brass (Cu, 
80%; Zn, 20%) were prepared synthetically by mixing 1% aqueous 
solutions of Cu^ "^ , Zn^^ and Ni^ "^  cations in ratios of 3:1:1 and 8:2:0, 
respectively. Samples (0.01 ml) of the resultant solutions of the 
synthetic alloys were applied onto two different activated TLC plates 
and chromatography performed. 
Preparation of spiked synthetic alloys 
Aliquots (5 ml) of the above-mentioned synthetic German silver 
and brass samples were spiked with 1 ml of a 1% Fe^ "" salt solution and 
1 ml each of 1% Fe^ "*^  and 1% Ni^ "^  salt solutions, respectively. The 
resultant spiked samples were applied onto two different PLC plates 
and chromatography performed. 
Preparation of solutions of real alloy samples 
Different alloys were placed in different beakers of 100ml 
capacity together with 40 ml cone. HCl and stored for 24 h, during 
which time 0.4 g German silver, 2.26 g bronze and 0.69 g brass 
dissolved. A known volume (5 ml) of each alloy solution was then 
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maintained on a water bath to completely remove the acid. The 
residues of German silver, bronze and brass obtained were dissolved in 
a volume of doubly distilled water sufficient to prepare a 1% solution 
of each alloy. Each alloy sample (0.01 ml) was then applied onto three 
different activated TLC plates and chromatography performed. 
Preparation of spiked alloy solutions 
A known volume (5 ml) of German silver solution in doubly 
distilled water was spiked with 1 ml of 1% Fe^^ salt solution while 5 
ml of a brass or bronze solution in doubly distilled water was spiked 
with 1 ml each of 1% Fe^* and 1% Ni^ "" salt solutions. The resultant 
spiked alloy sample solutions (0.01 ml) were applied onto three 
different TLC plates and chromatography performed. 
Chromatographic procedures 
Test solutions, i.e. standard solutions of metal cations (10 ml) 
were spotted on thin-layer plates with the help of a micropipette at a 
distance of ca. 2.0 cm above the lower edge of the plates. The spots 
were allowed to dry in air and the plates then developed with a chosen 
mobile phase in 24 x 6-cm glass jars using the one-dimensional 
ascending technique. The development distance was fixed at 10 cm in 
all cases. After development, the plates were dried again and the 
positions of the cations visualized as coloured spots using an 
appropriate spraying agent. The values of Ri (R|. of the leading edge) 
and Rj. (Rp of the trailing edge) were determined for the detected 
spots. The Rp values for the metal cations were calculated from the 
formula Rp = (RL + RT) /2 . The same procedure was employed for the 
chromatography of spiked, synthetic and real samples prepared as 
described above. 
To effect their separation, equal amounts of the metal cations to 
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be separated were mixed and 10 ml of the resulting mixture spotted 
onto activated TLC plates which were then dried in air. The plates 
were developed to a distance of 10 cm, the spots detected and the 
separated metal cations identified on the basis of their Rp values. The 
same procedure was performed to analyze the real and spiked samples 
of sludges and alloys. 
To study the effect or interference of onions, amino acids and 
amines on the separation of the metal cations, 0.01 ml metal cation 
solution samples were spotted onto the activated TLC plates followed 
by the spotting of 0.01 ml of the interfering species on the same spot. 
The plates were developed with M24, dried and the spots detected as 
described earlier. The Rp values of the separated metal cations were 
determined and compared with those obtained in the absence of 
interfering species. 
The limits of detection of the metal cations were determined by 
spotting different amounts of metal cations onto the TLC plates, 
developing the plates and detecting the corresponding spots. The 
method was repeated successively decreasing the amount of metal 
cation until no spot was detected. The minimum amount detectable on 
the TLC plates was taken as the limit of detection. 
Semi-quantitative determination by visual comparison 
Semi-quantitative determination of the metal cations present in 
industrial wastewater was obtained by visual comparison. Thus, 0.01 
ml of standard solutions of NiCb of different concentration (0.01-1%) 
were spotted onto activated TLC plates together with 0.01 ml spots of 
industrial wastewater. After development of the plates and detection of 
the spots, the colour intensities of the analyzed industrial wastewater 
on the TLC plates were matched by visual comparison with the colour 
intensities of the standard NiCl2 reference solutions. 
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To achieve the separation and identification of cations at 
different pH values, the pH of the test samples were adjusted to the 
required value by the addition of buffer solutions with different pH 
values. 
Microgram separation of Cu^* cations from milligram quantities of 
Ni "^  cations 
In this case, the TLC plate was first spotted with 0.01 ml of the 
standard Cu^ "^  cation solution (10 mg) and then with 0.01 ml of the 
standard Ni^* cation solution (0.5-2.0 mg). The spots were dried, the 
plates developed, visualized and the RL and Rj values again determined 
for both metal cations present. 
Quantitative determination of the Fe^* cation by TLC-spectrophotometric 
methods 
The devised TLC method was applied to the determination of 
Fe"'^  cations after their chromatographic separation from Cu^ "^  and Ni^ "^  
cations. For this purpose, 0.01 ml of Fe''^ salt solutions of different 
strengths (0.5-3.5%) containing 0.05-0.35 mg Fe^ "^  cation were spotted 
onto TLC plates, followed by spotting O.l mg each of the Cu^^ and Ni^^ 
solutions onto the same spots. After complete drying of the spots, the 
TLC plates were developed with M24. 
At the same time, a pilot plate was also developed to locate the 
position of the Fe^ "*^  spot. After such development, the area was scraped 
from the plate and the Fe^^ cation extracted using 2% aqueous HCl. 
The adsorbent was separated from the solute (Fe^^) and washed with 
2% aqueous HCl to ensure complete extraction of the Fe'"^ cation. A 
chromogenic reagent (2 ml of 2% aqueous NH4SCN) was added to the 
filtrate with the total volume in each case being maintained at 12 ml 
through the addition of 2% aqueous HCl. The solution was allowed to 
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Stand for 15 min to enable complete colour development. The 
absorbance of the developed colour was then measured 
spectrophotometrically against a blank at 480 nm [X-^ ax; e ^ 0-25 x lO'* 
l/(mol cm)] using 1-cm cells and a standard curve constructed. 
The Fe"'^  content of a given sample after its separation from Cu^ "^  
and Ni^ "^  cations was determined from the standard curve using the 
following relationships: 
„ , . ,„„ amt. re covered-amt. loaded ... 
Relative recovery = 100 (1) 
amt. loaded 
„, ^ amt. loaded-amt. recovered ,_. 
% Error = (2) 
amt. loaded 
7.3 RESULTS AND DISCUSSION 
The results of this study are summarized in Tables 7,1-7.7 and Figures 
7.1-7.3, respectively. The mobilities of 10 metal cations were 
examined on a silica gel layer using aqueous solutions of SDS. In order 
to optimize the experimental conditions, the effects of various factors 
on the mobilities of the metal cations such as (a) the concentration of 
surfactant, (b) the presence of urea and NaBr, (c) the effect of alkanols 
and (d) the effect of monocarboxylic acids in the micellar solution 
were examined. 
Influence of various factors on the mobilities of metal cations 
Effect of surfactant concentration 
The influence of the concentration of the surfactant on the 
mobility of the metal cations was examined by performing 
chromatography on silica layers using different concentrations of sur-
factant in the mobile-phase system (M2-M5). The Rp values of the 
metal cations obtained in pure water (i.e. zero surfactant concentration, 
M|) and in aqueous solutions of SDS at various concentration levels 
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(M2-M5) are listed in Table 7.1. From the data in this table, the 
following conclusions may be drawn: 
1. In pure water, all metal cations except Ni^ "^ , Co^ "^  and Cd^ "^  
showed little mobility and Ag"^  was found to produce a tailed 
spot. The higher mobility of Ni^^ (Rp = 0.90) or Co^^ (Rp = 0.85) 
facilitated their separation from all other metal cations studied 
whereas the mid-Rp value for Cd^^ ( R F = 0 . 4 0 ) opens opportunities 
for its selective separation from multi-component mixtures of 
metal cations. 
2. When aqueous surfactant solutions of SDS at different 
concentration levels (1, 5, 10 and 15%) were used as the mobile 
phase, metal cations such as Zn^*, Fe^^, Cu^*, Ag^, Pb^^ and Bi^^ 
moved slightly from their point of application. 
3. A higher mobility (Rp » 0.87) was observed for Ni^ "^  and Co^ "^  
cations at all surfactant concentration levels. 
4. The mobility of Hg^^ increased with increasing concentration of 
surfactant along with the formation of elongated spots. 
5. Badly tailed spots were produced by Cd at all surfactant 
concentration levels. 
6. A 5% aqueous SDS solution (M3) was selected for further 
studies as it produced more compact spots for cations. 
Effect of non-electrolyte and electrolyte additives 
The effect of the addition of urea (organic non-electrolyte) and 
NaBr (inorganic electrolyte) at different concentration levels in M3 on 
the mobility of the metal cations was examined. The results obtained 
are summarized in Table 7.2. From the data listed, the following trends 
may be noted: 
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1. The mobility of Fe^\ Cu^\ Zx^\ Pb^^ and Bi^^ cations 
remained almost unaffected at all concentration levels of urea 
and NaBr. 
2. In the presence of urea, Hg^* showed an intermediate mobility 
along with the formation of tailed spots but in the presence of 
NaBr it showed a higher mobility. 
3. The mobility of Cd^^ increased with decreasing concentration 
of urea. However its mobility in the presence of NaBr remained 
almost unchanged. 
4. Tailed spots were produced by Co^ "^  and Cd^^ at all 
concentrations of NaBr. 
Effect of alkanols 
The effect of the chain length of alkanols on the mobility of 
metal cations was examined using mobile phases consisting of 5% 
aqueous SDS and various alkanols (methanol, ethanol, propanol and 
butanol) in different volume ratios (Me to M|6). The results obtained 
are presented in Figure 7.1 from which the following conclusions may 
be drawn: 
1. Regardless of the nature of the alcohol in 5% aqueous SDS, Zn'^ ,^ 
Bi^*, Cu^* and Fe^* cations showed little mobility and remained 
near the point of application whereas Pb^^ showed no mobility. 
2. Tailed spots were produced by Ni"* in the presence of ethanol 
whereas Hg"' produced tailed spots in all cases. 
3. Increasing the concentration of alcohol (Me to Mie) led to a 
decrease in the mobility of Ni^*, Co^^, Cd^ "" and Ag* cations. 
Thus, for example, the order of mobility of Ni^ "" in SDS mobile-
phase systems containing methanol, ethanol, propanol and 
butanol was Mf, > M7 > Mg, M9 > Mio > Mn, M12 > M^ > M H 
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and M,5 > Mi6, respectively. 
4. Occasional tailing occurred with Cd cations. 
5. The mobility of Hg^ "^  increased as the concentrations of methanol 
and ethanol increased but remained unchanged in the presence of 
propanol-1 andbutanol-1. 
Effect of monocarboxylic acids 
The effect of the alkyl group of monocarboxylic acid on the 
mobility of metal cations was studied using mobjle phases consisting 
of 5% aqueous SDS and 1% aqueous solutions of monocarboxylic acids 
(HCOOH and CH3COOH) in different ratios (M20-M25). The results 
obtained are summarized in Figure 7.2 from which the following trends 
may be noted: 
1. An increase in the concentration of acid (HCOOH or CH3COOH) 
in the mobile phase was found to be associated with an increase 
in the Rp values of Cu^^, Cd^*, Zn^ "^ , Hg^ "^ , Pb^ "^  and Ag^ cations. 
In the case of Fe^^, its mobility was always higher with 
increasing formic acid (HCOOH) relative to its mobility in 
mobile-phase systems containing acetic acid (CH3COOH). This 
was probably due to the higher density in HCOOH-containing 
mobile-phase systems of H"^  cations, which compete with the 
metal cation for exchange on the silica gel layer. 
2. In the presence of formic acid, Ni^ "^  generated tailed spots. 
However, this cation produced compact spots in the presence of 
acetic acid. 
3. At higher concentrations of both formic and acetic acids (>50%), 
both Pb^* and Ag"" cations showed tailed spots. Conversely, Cd^ "^  
showed tailed spots at low concentrations (< 50%) of both acetic 
and formic acids. 
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4. The Bi^ "^  cation showed little mobility in the presence of both 
acids and remained near the point of application. 
From the above studies, a TLC system consisting of silica gel as 
a stationary phase and 5% aqueous SDS + 1% aqueous acetic acid in a 
1:1 ratio (M24) was identified as being the most favourable system for 
the separation of Ni^ "^ , Cu^* and Fe^^ cations from their mixtures. The 
RF order Fe^^ (RF = 0.02) < Cu^^ (Rp = 0.48) < Ni^^ (Rp = 0.87) was 
found to be the same as the order of their Pauling ionic radii (given in 
parenthesis, A) as Fe^^ (0.64) < Cu^^ (0.70) < Ni^^ (0.72). This shows 
that the Rp value is somehow related to the physical properties of the 
metal cations. Thus, the higher the Pauling ionic radius, the higher is 
the Rp value (or mobility). 
Effect of impurities on the separation of co-existing Cu *, Fe ^ and 
Ni * cations 
Table 7.3 summarizes the effect of impurities on Fe^^-Cu^^-Ni^^ 
separation. Heavy metals and amino acids did not influence the 
separation, although the Rp value for Cu^^ was slightly altered from its 
standard value (0.48) in the presence of sample impurities. However, 
Ti"*"^  hampered the separation as indicated by the formation of tailed 
spots for Fe^ "*" and Ni^ "^  cations. A significant lowering of the Rp values 
for Cu and Ni was noted in the presence of aliphatic and aromatic 
amines. Similarly, anions influenced the mobility of Ni^^. resulting in 
the formation of tailed spots that adversely affected the separation 
efficiency. 
Effect of sample pH on the separation and identification of Fe^ . Cu'' 
and Ni * cations 
The data recorded in Table 7.4 reveal that Fe^ "^ , Cu^* and Ni^* 
cations could be separated easily from each other up to a pH value of 
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2.15, However, at pH values higher than 2.15, the Fe^ "^  cation 
precipitated out and could not be detected on TLC plates, whereas the 
detection of Cu^ "^  could be achieved up to a pH value of 5.98. At pH 
8.97, Ni^^ was also precipitated. Thus, a pH value of 2.15 was the most 
suitable for the separation and detection of Fe^^, Cu^^ and Ni^^ cations. 
Other studies undertaken 
The detection limits 
The lowest possible detectable microgram amounts along with 
the dilution limits for heavy metal cations (given in parentheses) on a 
silica gel layer were Fe^^ (0.12, 1:8 x lO'*), Cu^''(5.0, l:2x 10^) and Ni^^ 
(1.0, 1:1x10"). 
Separation of microgram quantities of Cu * cations from milligram 
quantities ofNi^^ cations 
The results obtained for the separation of Cu^^ from Ni^^ are 
tabulated in Table 7.5 and show that 10 ^g Cu cations could be 
separated easily from a 0.80 mg excess of Ni^ "^  cations. 
Quantitative determination ofFe^^ cations 
Up to 225 mg, Fe^^ cations could be determined 
spectrophotometrically using 2% aqueous NH4SCN solution as the 
chromogenic reagent The absorbance measured at 480 nm was plotted 
against |ig amounts of FeCla to obtain the standard curve depicted in 
Figure 7.3. This curve was then used to study the recovery of Fe^ "^  after 
preliminary separation from Cu^ "^  and Ni^ "^  cations. 
The relative recovery was always greater than 95.8% while the 
percentage error was not greater than 4.16. The results obtained are 
tabulated in Table 7.6. 
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Application 
The method was used for the separation and identification of 
heavy metal cations in a variety of real and spiked matrices. The 
results listed in Table 7.7 clearly demonstrate the applicability of the 
proposed method for the separation of Fe^ "^ , Cu^ "^  and Ni^ ^ cations from 
a variety of environmental and geological samples. 
The results of semi-quantitative determination by visual 
comparison were applied for estimating the concentration level of 
nickel in industrial wastewater. The analyzed industrial wastewater 
sample was found to contain nickel in the 1-1.2 g/1 range. 
CONCLUSIONS 
The proposed chromatographic procedure allowed the selective 
adsorption and reliable identification of certain heavy metal cations on 
a silica gel flat bed. The addition of acetic acid in sodium dodecyl 
sulphate (SDS) improved the resolution and allowed the simultaneous 
separation of the heavy metal cations present in various samples. 
Among the selected mobile-phase systems, 5% aqueous SDS + 1% 
aqueous acetic acid was the most favourable for separation. 
Furthermore, the proposed TLC-spectrophotometric method allowed 
quantitative estimation of Fe^^ cations with a 95.8% recovery. 
Being selective, the proposed method could be implemented as a 
reliable analytical tool for the analysis of ores, alloys, industrial 
wastewater, drug and clinical samples. More importantly, the method 
could be applied for the identification and estimation of Fe^*, Cu^ ^ and 
Ni * cations in the wastewater of drug industries where amino acids 
and their derivatives are present as impurities. 
Further investigations on the applicability of this method should 
be carried out with different anionic surfactants and for other species 
such as the rare-earth metals. 
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Table 7.1. Effect of Surfactant (SDS) Concentration on the 
Mobility of Metal Cations 
Metal ion 
Fe^^ 
Cu^^ 
Ni^^ 
Co^" 
Cd^" 
Zn^^ 
Ag^ 
Pb'" 
Bi^^ 
Hg^^ 
Ml 
0.10 
0.10 
0.90 
0.85 
0.40 
0.05 
0.20T 
0.00 
0.00 
0.00 
M2 
0.06 
0.05 
0.87 
0.87 
0.45T 
0.07 
0.10 
0.02 
0.15T 
0.33T 
M3 
0.02 
0.07 
0.87 
0.90 
0.82T 
0.10 
0.14 
0.00 
0.15 
0.65T 
M4 
0.05 
0.05 
0.90 
0.90 
0.75T 
0.10 
0.12 
0.02 
0.14 
0.70T 
M5 
0.04 
0.05 
0.77T 
0.82T 
0.75T 
0.15T 
0.15T 
0.07 
0.07 
0.72T 
T = Tailed spots (RL-RT > 0.30). 
TABLE 7.2. Effect of Urea (Organic Non-electrolyte) and NaBr 
(Inorganic Electrolyte) in the Surfactant (5% aqueous SDS)-
mediated Mobile Phase on the Mobility of Metal Cations 
Metal cations 
Fe^^ 
Cu^^ 
Ni^^ 
Co^^ 
Cd'" 
Zn^^ 
Ag^ 
Pb'" 
Bi^^ 
Hg^^ 
M,7 
0.02 
0.03 
0.89 
0.89 
0.54T 
0.06 
0.21T 
0.02 
0.16T 
0.40T 
M,8 
0.04 
0.04 
0.88 
0.81T 
0.39 
0.05 
0.19T 
0.02 
0.15T 
0.37T 
Mi9 
0.04 
0.03 
0.73T 
0.84 
0.34 
0.07 
0.22T 
0.01 
0.14 
0.46 
M26 
0.04 
0.05 
0.85T 
0.81T 
0.59T 
0.05 
0.10 
0.02 
0.12 
0.86 
M27 
0.02 
0.05 
0.89 
0.85T 
0.58T 
0.07 
0.05 
0.03 
0.13 
0.89 
M28 
0.04 
0.04 
0.86 
0.66T 
0.60T 
0.05 
0.03 
0.02 
0.14 
0.97 
T = Tailed spots (RL-RT >: 0.30). 
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TABLE 7.3. Separation of Co-existing Fe^ '^ -Cu^ -^Ni^ '^  Cations in the 
Presence of Organic and Inorganic Impurities in the 
Sample* 
Interfering ion 
Ag^ 
Zn^^ 
Cd'" 
A l ' " 
Br" 
Ti'" 
Bi^^ 
NOs" 
P04^-
CTJOI^' 
Fe(CN)6'-
Fe(CN)6'-
L-Isoleucine 
L-Tryptophan 
L-Arginine 
monohydrochloride 
DL-Aspartic acid 
L-GIutamic acid 
Methy lamina 
Dimethylamine 
Trimethylamine 
p-Chloroaniline 
p-Bromoaniline 
p-Nitroaniline 
Without impurities 
Fe 
0.02 
0.03 
0.05 
0.02 
0.11 
0.19T 
0.03 
0.02 
0.02 
0.03 
0.14T 
0.26T 
0.04 
0.07 
0.05 
0.03 
0.05 
0.02 
0.04 
0.07 
0.02 
0.02 
0.02 
0.02 
Separation (Rp) 
Cu^^ 
0.49 
0.53 
0.54 
0.50 
0.53 
0.54 
0.49 
0.42 
0.43 
0.46 
0.37 
0.48 
0.51 
0.53 
0.48 
0.58 
0.59 
0.31 
0.40 
0.45 
0.42 
0.40 
0.42 
0.48 
Ni^^ 
0.87 
0.87 
0.90 
0.87 
0.87 
0.81T 
0.87 
0.75T 
0.85T 
0.79T 
0.82T 
0.82T 
0.90 
0.80T 
0.84 
0.92 
0.93 
0.58T 
0.73 
0.80 
0.60 
0.60 
0.82 
0.87 
'Mobile phase: M24. T = Tailed spots (RL-RT > 0.30). 
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TABLE 7.4. Effect of pH on the Separation of Fe^ -^Cu^ '^ -Ni^ ^ 
Cations Developed in M24 Mobile Phase 
Sample PH value Separation achieved (RL-RT) 
Fe^ ^ (0.20 - OKu^ "^  (0.54 - 0.50)-Ni^ ^ (1.0 - 0.74) 
Fe^ ^ (0 - 0)-Cu^^ (0.52 - 0.48)-Ni^ ^ (0.96 - 0.82) 
Fe^ "" (ND)-Cu^^ (0.50 - 0.48)-Ni^ ^ (0.96 - 0.80) 
Fe^ ^ (ND)-Cu '^^  (0.50 - 0.45)-Ni^ * (0.95 - 0.78) 
Fe^ ^ (ND)-Cu^^ (ND)-Ni^ ^ (ND) 
ND - Not Detected. 
TABLE 7.5.Separation of Microgram Quantities of Cu^ * Cations 
from Milligram Quantities of Ni^ * Cations 
1 
2 
3 
4 
5 
1.00 
2.15 
3.35 
5.98 
8.97 
Sample 
1 
2 
3 
4 
5 
Amount loaded 
Ni'^ (mg) 
2.0 
1.5 
1.0 
0.8 
0.5 
Cu^" (Mg) 
10 
10 
10 
10 
10 
Separation (RL-RT) 
Ni^^ (0.98-0.30)-Cu^'^ (0.53-0.40) 
Ni^^ (0.98-0.38)-Cu^'' (0.52-0.41) 
Ni^* (0.96-0.45)-Cu^^ (0.52-0.41) 
Ni^ ^ (0.95-0.53)-Cu2^ (0.52-0.40) 
Ni^* (0.95-0.59)-Cu^^ (0.51-0.42) 
TABLE 7.6.Spectrophotometric Determination of Different 
-3+ Amounts of Fe Cations after TLC Separation from 
Cu^ * and Ni^ ^ Cations 
Sample 
1 
2 
3 
4 
5 
6 
Amount loaded 
(^g) 
225 
190 
160 
120 
90 
60 
Amount 
recovered (^g) 
222.5 
188.0 
155.0 
117.5 
87.5 
57.5 
% 
Error 
1.11 
1.05 
3.12 
2.08 
2.77 
4.16 
Relative recovery 
(%) 
98.89 
98.95 
96.88 
97.92 
97.23 
95.84 
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TABLE 7.7. Separation of a Mixture of Fe^ '^ -Cu^ -^Ni^ ^ Cations 
from Spiked, Real and Synthetically Prepared Metal 
Ore, Alloy and Heavy Metal Sludge Samples' 
Samples 
Sample E5 
Spiked waste sample 
Spiked sulphide sludge 
waste sample 
Spiked hydroxide sludge 
sample 
Sulphide sludge standard 
solution 
Hydroxide sludge standard 
sample 
Spiked seawater 
Spiked river water 
Spiked tap water 
Synthetic German silver 
Spiked synthetic German 
silver 
Synthetic brass 
Spiked synthetic brass 
Real German silver 
Spiked real German silver 
Real brass 
Spiked real brass 
Real bronze 
Spiked real bronze 
Fe^^ 
NA 
0.04 
0.02 
0.03 
0.03 
0.02 
0.03 
0.02 
0.03 
NA 
0.02 
NA 
0.02 
NA 
0.04 
NA 
0.03 
NA 
0.03 
Separation (Rp) 
Cu^* 
NA 
0.47 
0.45 
0.50 
0.46 
0.45 
0.46 
0.45 
0.49 
0.46 
0.46 
0.47 
0.45 
0.45 
0.45 
0.47 
0.48 
0.46 
0.46 
Ni^" 
0.85 
0.86 
0.85 
0.85 
0.85 
0.83 
0.83 
0.84 
0.84 
0.83 
0.84 
NA 
0.84 
0.84 
0.85 
NA 
0.85 
NA 
0.86 
^Mobile phase: M24. NA = Not Available. 
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;ure 7.2 Mobility of metal cations in 5% aqueous SDS containing different concentrations of carboxylic acids. 
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ABSTRACT: Silica gel was used as a stationaiy phase in combination with an 
acidic surfactant containing eluents for the thin-layer chromatography (TLC) of 
10 metal cations. Several combinations of mobile-phase systems consisting of 
sodium dodecyl sulphate (SDS) and carboxylic acids, alcohols and inorganic 
electrolytes have been tested for the rapid and reliable separation of metal 
cations. The TLC system employing silica gel as the stationary phase and 5% 
aqueous SDS plus 1% aqueous acetic acid (1:1, v/v) as the mobile phase was 
identified as being the most favourable system for the separation of co-existing 
nickel, copper and iron cations in the presence of common organic and inorganic 
impurities. The proposed method was rapid and applicable to the identification 
and separation of Fe'*, Cu'* and Ni^ * cations from sea, river and tap water, and 
from real and synthetically prepared ores and aUoys. The separation of micro-
gram quantities of Cu^ * cations from milligram quantities of Ni'* cations and 
the semi-quantitative determination of Ni^ * cations from industrial wastewater 
by visual comparison were also attempted. The quantitative estimation of Fe'* 
cations by spectrophotometry after preliminary separation from Ni^ '^  and Cu^ * 
cations was performed successfully. 
INTRODUCTION 
Thin-layer chromatography (TLC) is the simplest, most convenient and most economic chro-
matographic technique for the fast separation and identification of inorganic cations. It permits 
separation by colour, simpler detection and easier manipulation of mobile and stationary phases. 
As a result, numerous sorbents and an even greater number of mobile phases have been developed 
for achieving improved chromatographic performance in terms of selectivity, resolution, rapidity 
and reproducibility (Sherma 1998, 2000; Mohammad andTiwari 1995; Mohammad and Agrawal 
20(X). 2002: Fried and Sherma 1996; Wagner and Bladt 1995). 
The use of micellar solutions as mobile phases in TLC was first reported in 1979 by Armstrong 
and co-workers (Armstrong and Terrill 1979; Armstrong and Necly 1979). The unique advantages 
of micellar systems include the capability of simultaneously separating ionic and non-ionic com-
pounds, faster analyses, higher detection sensitivities and enhanced selectivities. The most 
fascinating feature of micellar solutions is their dual hydrophobic and hydrophiUc character that 
provides electrostatic and hydrophobic interaction leading to unusual separation possibilities for 
•Author 10 whom all correspondence should be addressed. E-mail: mohammadali4u@rediffmaiI.com. 
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inorganic and non-ionic solutes. As a result, micellar mobile phases have been extensively used in 
reversed-phase chromatography to separate and distinguish various organic compounds (Clinc-
Love et al. 1984; Khaledi 1988; Amin et al. 1995; Williams et al. 1990). In contrast, the use of 
micellar mobile phases in inorganic chromatography has been limited in comparison to traditional 
hydro-organic mobile phases. Micellar mobile phases were found to suffer a serious loss of 
efficiency. Several chromatographers carefully examined this aspect and Dorsey et al. (1983) 
reported that the addition of a small concentration of organic modifier (propanol) into micellar 
mobile phases improved their efficiencies by reducing the amount of surfactant adsorbed on the 
stationary phase. 
From the literature, it appears that the use of both normal and reversed-phase micelles as mobile 
phases in high-performance liquid chromatography (HPLC) has been extensive. However, surfactant-
containing solvent systems have not been fully utilized in the analysis of inorganics by thin-layer 
chromatography. The small amount of work undertaken in our laboratory has shown the tremen-
dous analytical potential of surfactant-mediated mobile-phase systems in the presence of organic 
solvent modifiers. This paper reports the use of acidified sodium dodecyl sulphate (an anionic sur-
factant) as part of a surfactant-containing mobile-phase system for the separation of co-existing 
nickel, iron and copper cations in synthetic ores on a silica gel layer. 
The separation of Fe^*, Cu^* and Ni^ * cations from their mixture is difficult because of their 
closely similar structural properties, e.g. Fe^ '*, Cu^^ and Ni^ * have the same hydrated ionic radii 
(Dean 1973) and almost the same electronegativity (Day and Selbin 1967). All these factors are 
reflected in the similar chromatographic behaviours of these metal cations. Furthermore, Ni^* 
cations interfere in the detection of Ca^* cations and impose a restriction on the application of 
several non-specific but sensitive reagents for the detection of the Cu^* cation (Feigl and Anger 
1972). Similarly, copper salts which produce a red-brown Cu(CNS) colouration interfere in the 
detection of Ni^* cations using alkali thiocyanates (Feigl and Anger 1972). It should also be noted 
that Fe'* and Ni^* cations produce brown and violet coloured products, respectively, with an 
ethanolic solution of dimethylglyoxime (Schubert et al. 1998) and hence the presence of one metal 
ion hampers the detection of others. 
Copper is associated with iron in copper pyrites (CuFeSj), the ore containing 4% Cu^* cations 
and 96% Fe^^ cations. Similarly, in penUandite ore, iron and nickel sulphides are associated with 
copper, and hence separation is needed to isolate pure Cu, Fe and Ni from their ores. Copper and 
nickel form a number of useful alloys such as German silver containing 60% Cu^*, 20% Ni^ "^  and 
20% Zn^* which is used in making bullet sheath and Invar contains 36% Ni^ *. Monel metal, which 
contains ca. 60% nickel with the rest being copper, is acid-proof and is used in boilers and turbine 
blades. Nichrome contains 60% nickel, 15% chromium and 25% iron while Constantan contain-
ing 40% nickel and 60% copper is used in electrical work. If required, the pure metals could be 
separated from these alloys using the method proposed below. 
EXPERIMENTAL 
Materials 
Sodium dodecyl sulphate (SDS), dimethylglyoxime, acetic acid, methanol, ethanol, propanol and 
butanol were obtained from Qualigens, India; potassium ferrocyanide and dithizone were obtained 
from BDH, India; while silica gel 'G', formic acid, urea and sodium bromide were obtained from 
E. Merck, India. All other chemicals were A.R. grade. 
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Preparative procedures 
The following metal cations were studied: Fe^, Cu^*, Ni^ *, Co2^ Cd2% Zn^*, Ag+, Pb2^ Bi^ and 
Hg'*. Chromatographic studies were performed using standard aqueous solutions (1%) of the 
chloride, nitrate or sulphate salts of the above-mentioned metal cations. These were detected using 
the following solutions: Fe^ and Cu^ + cations were detected using a 1% aqueous solution of potas-
sium ferrocyanide; Ni^ * and Co^* cations using a 1% solution of alcoholic dimethylglyoxime; 
Zn^*, Cd^*, Ag*. Pb-*, Bi^ and Hg^* cations using 0.5% dithizone in CCl^. 
A TLC apparatus (Toshniwal, India), 20 x 3-cm glass plates, 24 x 6-cm glass jars, a pH meter 
(Elico model LI-IOT, India) and a spectrophotometer (Elico model SL 171, India) were used. 
All studies were performed using silica gel 'G' as the stationary phase and the solvent systems 
listed in Table 1 as the mobile phase. 
Preparation of TLC plates 
The TLC plates were prepared by mixing silica gel 'G' with demineralized water in a 1:3 ratio by 
weight with constant shaking to obtain a homogeneous slurry. An applicator was employed to 
apply the resultant slurry onto the glass plates to give a layer of 0.25 mm thickness. The plates 
were first dried at room temperature and then activated at 100 ± 5°C by heating in an electrically 
controlled oven for 1 h. The activated plates were stored in a closed chamber at room temperature 
until used. 
Preparation of spiked, industrial wastewater, seawater, tap water and river water 
A known volume (5 ml) of each of the following was spiked with 100 mg of Ni, Cu and Fe salts: 
industrial wastewater (pH = 2.34) collected from Lock Industries, Aligarh, India; seawater (pH = 
8.47) collected from Anjana beach of the Arabian Sea, Goa, India; tap water (pH = 7.23); and river 
water (pH = 7.48) obtained from the Ganga river at Naraura, India. Since the Ni^ * ion was already 
present in industrial wastewater, the latter was alternatively spiked with copper and iron salt 
.solutions only. 
Preparation of a hydroxide and sulphide sludge 
To prepare a hydroxide and sulphide sludge from industrial wastewater and standard solutions 
containing metal cations, 1 ml of industrial wastewater (pH = 2.34) contained in two different 
beakers was spiked with 1 ml each of 1% Cu^* and 1% Fe'* salt solutions, whereas 1 ml each of 
\^( Cu-". Fe'' and Ni-' sail solutions were placed in two different beakers in the preparation of 
the standard solutions Approximately 10 ml of 0.5% aqueous thioacetamide solution was added 
to a beaker containirij: iiidustnai wastewater and to a beaker containing standard solution, while 
ca. 10 ml of 0 5% aqueous Nj(JH solution was added to the remaining two beakers. 
After complete prccipilaiion of the metal cations as sulphides or hydroxides, the precipitates 
obtained were separated by ccntrifugation. Each resultant precipitate was washed several times 
with distilled water and then dissolved in the minimum possible volume of cone. HCl. The beakers 
were maintained over a hot water bath to effect the complete removal of acid. The residues were 
dissolved in 5 ml doubly distilled water and aliquots (0.01 ml) of the resultant samples were 
applied onto different TLC plates and chromatography performed. 
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TABLE 1. Solvent Systems Employed as Mobile Phases in 
Chromatographic Studies 
No. Symbol Composition 
(a) Ml water 
(b) Aqueous surfactant solutions 
M2 1% aqueous SDS 
M3 5% aqueous SDS 
M4 10% aqueous SDS 
M5 • 15% aqueous SDS 
(c) Micellor solutions with organic additives 
M6 M3 + methanol (8:2, v/v) 
M7 M3 + methanol (5:5, v/v) 
M8 M3 + methanol (2:8, v/v) 
M9 M3 + ethanol (8:2, v/v) 
MIO M3 + ethanol (5:5, v/v) 
Mil M3 + ethanol (2:8, v/v) 
M12 M3 + propanol-1 (8:2, v/v) 
M13 M3 + propano!-l (5:5, v'v) 
M14 M3 + propanol-1 (2:8, v/v) 
M15 M3 + butanol-1 (9.5:0.5, v/v) 
M16 M3 + butanol-1 (9:1, v/v) 
M17 M3 + 1% aqueous urea' (8:2, v/v) 
M18 M3 + urea (5:5, v/v) 
M19 M3 + urea (2:8, v/v) 
M20 M3 + 1% aqueous formic acid' (8:2, v/v) 
M21 M3 + formic acid (5:5, v/v) 
M22 M3 + formic acid (2:8, v/v) 
M23 M3 + I % aqueous acetic acid' (8:2, v/v) 
M24 M3 + acetic acid (5:5, v/v) 
M25 M3 + acetic acid (2:8, v/v) 
(d) Micellar solutions with inorganic additives 
M26 M3 + 1% aqueous sodium bromide' (8:2, v/v) 
M27 M3 + sodium bromide (5:5, v/v) 
M28 M3 + sodium bromide (2:8, v/v) 
' 1 % aqueous solutions of urea, formic acid, acetic acid and sodium bromide were 
used. 
Preparation of synthetic alloys 
German silver (Cu, 60%; Zn, 20%; Ni, 20%) and brass (Cu, 80%; Zn, 20%) were prepared syn-
thetically by mixing 1% aqueous solutions of Cu'*, Zn^+ and Ni^ "- cations in ratios of 3:1:1 and 
8:2:0, respectively. Samples (0.01 ml) of the resultant solutions of the synthetic alloys were 
applied onto two different activated TLC plates and chromatography performed. 
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Preparation of spiked synthetic alloys 
Aliquots (5 ml) of the above-mentioned synthetic German silver and brass samples were spiked 
with 1 ml of a 1% Fe^ salt solution and 1 ml each of 1% Fe^ and 1% Ni^ "^  salt solutions, respec-
tively. The resultant spiked samples were applied onto two different TLC plates and 
chromatography performed. 
Preparation of solutions of real alloy samples 
Different alloys were placed in different beakers of lOO-ml capacity together with 40 ml cone. HCl 
and stored for 24 h, during which time 0.4 g German silver, 2.26 g bronze and 0.69 g brass 
dissolved. A known volume (5 ml) of each alloy solution was then maintained on a water bath 
to completely remove the acid. The residues of German silver, bronze and brass obtained were 
dissolved in a volume of doubly distilled water sufficient to prepare a 1% solution of each alloy. 
Each alloy sample (0.01 ml) was then applied onto three different activated TLC plates and 
chromatography performed. 
Preparation of spiked alloy solutions 
A known volume (5 ml) of German silver solution in doubly distilled water was spiked with 1 ml 
of 1% Fe^ salt solution while 5 ml of a brass or bronze solution in doubly distilled water 
was spiked with 1 ml each of 1% Fe^ and 1% Ni^ * salt solutions. The resultant spiked alloy sam-
ple solutions (0.01 ml) were applied onto three different TLC plates and chromatography 
performed. 
Chromatographic procedures 
Test solutions, i.e. standard solutions of metal cations (10 ml) were spotted on thin-layer plates with 
the help of a micropipette at a distance of ca. 2.0 cm above the lower edge of the plates. The spots 
were allowed to dry in air and the plates then developed with a chosen mobile phase in 24 x 6-cm 
glass jars using the one-dimensional ascending technique. The development distance was fixed at 10 
cm in all cases. After development, the plates were dried again and the positions of the cations visu-
alized as coloured spots using an appropriate spraying agent. The values of R^ (Rp of the leading 
edge) and R^ (Rp of the trailing edge) were determined for the detected spots. The Rp values for the 
metal cations were calculated from the formula Rp = (R^ + RT)/2. The same procedure was employed 
for the chromatography of spiked, synthetic and real samples prepared as described above. 
To effect their separation, equal amounts of the metal cations to be separated were mixed and 
10 ml of the resulting mixture spoiled onto activated TLC plates which were then dried in air The 
piaiiN were developed to a distance of 10 cm. the spots dciecled and the separated metal cations 
idcniificd on the basis of their Rj \alucs. The same pnxedurc was performed to analyze the real 
and spiked samples of sludges and alloys. 
To study the effect or interierencc ol anions, amino acids and amines on the separation of the 
metal cations, 0.01 ml metal cation solution samples were spotted onto the activated TLC plates 
followed by the spotting of 0.01 ml of the interfering species on the same spot. The plates were 
developed with M24, dried and the spots detected as described earlier. The Rp values of die sepa-
rated metal cations were determined and compared with those obtained in the absence of 
interfering species. 
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The limits of detection of the metal cations were detennined by spotting different amounts of 
metal cations onto the TLC plates, developing the plates and detecting the corresponding spots. 
The method was repeated successively decreasing the amount of metal cation until no spot was 
detected. The minimum amount detectable on the TLC plates was taken as the limit of detection. 
Semi-quantitative determination by visual comparison 
Semi-quantitative determination of the metal cations present in industrial wastewater was obtained 
by visual comparison. Thus, 0.01 ml of standard solutions of NiCl^ of different concentration 
(0.01-1%) were spotted onto activated TLC plates together with 0.01 ml spots of industrial waste-
water. After development of the plates and detection of the spots, the colour intensities of the 
analyzed industrial wastewater on the TLC plates were matched by visual comparison with the 
colour intensities of the standard NiClj reference solutions. 
To achieve the separation and identification of cations at different pH values, the pH of the test sam-
ples were adjusted to the required value by the addition of buffer solutions with different pH values. 
Microgram separation ofCu^* cations from milligram quantities ofNi^'^ cations 
In this case, the TLC plate was first spotted with 0.01 ml of the standard Cu^^  cation solution 
(10 mg) and then with 0.01 ml of the standard Ni^ * cation solution (0.5-2.0 mg). The spots were 
dried, the plates developed, visualized and the R^ and Rp values again determined for both metal 
cations present. 
Quantitative determination of the Fe^* cation by TLC-spectrophotometric methods 
The devised TLC method was applied to the determination of Fe^ cations after their chromato-
graphic separation from Cu^* and Ni^* cations. For this purpose, 0.01 ml of Fe^ salt solutions of 
different strengths (0.5-3.5%) containing 0.05-0.35 mg Fe^ cation were spotted onto TLC plates, 
followed by spotting 0.1 mg each of the Cu^* and Ni^ * solutions onto the same spots. After 
complete drying of the spots, the TLC plates were developed with M24. 
At the same time, a pilot plate was also developed to locate the position of the Fe^ spot. After 
such development, the area was scraped from the plate and the Fe-** cation extracted using 2% 
aqueous HCl. The adsorbent was separated from the solute (Fe^*) and washed with 2% aqueous 
HCl to ensure complete extraction of the Fe^ cation. A chromogenic reagent (2 ml of 2% aque-
ous NH^SCN) was added to the filtrate with the total volume in each case being maintained at 
12 ml through the addition of 2% aqueous HCl. The solution was allowed to stand for 15 min to 
enable complete colour development. The absorbance of the developed colour was then measured 
spectrophotometrically against a blank at 480 nm [^„„; e = 0.25 x 10^ l/(mol cm)] using 1-cm 
cells and a standard curve constructed. 
The Fe^ content of a given sample after its separation from Cu^* and Ni^ * cations was deter-
mined from the standard curve using the following relationships: 
amt. recovered - amt. loaded 
Relative recovery = 100 - (1) 
amt. loaded 
amt. loaded - amt. recovered 
% Error = . . . (2) 
amt. loaded 
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RESULTS AND DISCUSSION 
The results of this study are summarized in Tables 2-8 and Figures 1-3, respectively. The mobil-
ities of 10 metal cations were examined on a silica gel layer using aqueous solutions of SDS. In 
order to optimize the experimental conditions, the effects of various factors on the mobilities of 
the metal cations such as (a) the concentration of surfactant, (b) the presence of urea and NaBr, 
(c) the effect of alkanols and (d) the effect of monocarboxylic acids in the micellar solution were 
examined. 
TABLE 2. Effect of Surfactant (SDS) Concentration on the Mobility of Metal Cations 
Metal ion 
Fe^ 
Cu^* 
Ni^* 
Co -^^  
Cd^* 
Zn^ -^  
Ag* 
Pb^* 
Bi^* 
Hg2-
Ml 
0.10 
0.10 
0.90 
0.85 
0.40 
0.05 
0.20T 
0.00 
0.00 
0.00 
M2 
0.06 
0.05 
0.87 
0.87 
0.45T 
0.07 
0.10 
0.02 
0.15T 
0.33T 
M3 
0.02 
0.07 
0.87 
0.90 
0.82T 
0.10 
0.14 
0.00 
0.15 
0.65T 
M4 
0.05 
0.05 
0.90 
0.90 
0.75T 
0.10 
0.12 
0.02 
0.14 
0.70T 
M5 
0.04 
0.05 
0.77T 
0.82T 
0.75T 
0.15T 
0.15T 
0.07 
0.07 
0.72T 
T = Tailed spots (R^ - R^ . > 0.30). 
TABLE 3. Effect of Urea (Organic Non-electrolyte) and NaBr (Inorganic Electrolyte) in the Surfactant 
(5% aqueous SDS)-mediated Mobile Phase on the Mobility of Metal Cations 
Metal cations 
Fe'* 
Cu2+ 
Ni^* 
Co2+ 
Cd^* 
Zn^* 
Ag* 
Pb^* 
Bi^* 
Hg2* 
M17 
0.02 
0.03 
0.89 
0.89 
0.54T 
0.06 
0.21T 
0.02 
0.16T 
0.40T 
M18 
0.04 
0.04 
0.88 
0.81T 
0.39 
0.05 
0.19T 
0.02 
0.15T 
0.37T 
M19 
0.04 
0.03 
0.73T 
0.84 
0.34 
0.07 
0.22T 
0.01 
0.14 
0.46 
M26 
0.04 
0.05 
0.85T 
0.81T 
0.59T 
0.05 
0.10 
0.02 
0.12 
0.86 
M27. 
0.02 
0.05 
0.89 
0.85T 
0.58T 
0.07 
0.05 
0.03 
0.13 
0.89 
M28 
0.04 
0.04 
0.86 
0.66T 
0.60T 
0.05 
0.03 
0.02 
0.14 
0.97 
T = Tailed spots (R^ - Rr > 0.30). 
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TABLE 4. Separation of Co-existing Fe^'-Cu^^-Ni^* Cations in the Presence ot Organic 
and Inorganic Impurities in the Sample" 
Interfering ion 
Ag-
Zn=^ 
Cd-' 
Al-"-
Br-
Ti-** 
Bi'* 
NO" 
POf 
crpr 
Fe(CNt 
Fe(CN)^ 
L-Isoleucine 
L-Tryptophan 
L-Arginine monohydrochloride 
DL-Aspartic acid 
L-Glutamic acid 
Methylamine 
Dimethylamine 
Trimethylamine 
p-Chloroaniline 
p-Bromoaniline 
p-Nitroaniline 
Without impurities 
Separalitm (R, I 
Fe" 
0.02 
0.03 
0.05 
0.02 
0.11 
0.19T 
0.03 
0.02 
0.02 
0.03 
0.14T 
0.26T 
0.04 
0.07 
0.05 
0.03 
0.05 
0.02 
0.04 
0.07 
0.02 
0.02 
0.02 
0.02 
Cir-
O.-O 
0.53 
0.54 
0.50 
0.53 
0.54 
0.49 
0.42 
0.43 
0.46 
0.37 
0.48 
0.51 
0.53 
0.48 
0.58 
0.59 
0.31 
0.40 
0.45 
0.42 
0.40 
0.42 
0.48 
N i ' • 
0.87 
0.S7 
0.90 
0.87 
0.87 
0.81T 
0.87 
0.75T 
0.85T 
0.79T 
0.82T 
0.82T 
0.90 
0.80T 
0.84 
0.92 
0.93 
0.58T 
0.73 
0.80 
0.60 
0.60 
0.82 
0.87 
•Mobile phase: M24. T = Tailed spots (R^ - R^  > 0.30). 
TABLE 5. Effect of pH on the Separation of Fe'*-Cu^*-Ni2+ Cations Developed in an 
M24 Mobile Phase 
Sample pH value Separation achieved {Rj_ - R^) 
Fe3+ (0.20 - OyCu^* (0.54 - 0.50>-Ni2* (1.0 - 0.74) 
Fe3+ (0 - 0)-Cu2+ (0.52 - 0.48)-Ni2* (0.96 - 0.82) 
F e ^ (ND)-Cu2+ (0.50 - 0.48)-Ni2* (0.96 - 0.80) 
¥e^ (ND)-Cu2* (0.50 - 0.45)-Ni2* (0.95 - 0.78) 
Fe3+ (ND)-Cu2+ (ND)-Ni2* (ND) 
1 
2 
3 
4 
5 
ND = Not Detected. 
1.00 
2.15 
3.35 
5.98 
8.97 
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TABLE 6. Separation of Microgram Quantities of Cu^ * Cations firom Milligram 
Quantities of Ni^ * Cations 
Sample 
1 
2 
3 
4 
5 
Amount loaded 
Ni^ * (mg) Cu^* Oig) 
2.0 10 
1.5 10 
1.0 10 
0.8 10 
0.5 10 
Separation (R^ - R,.) 
Ni^ * (0.98 - 0.30)-Cu2+ (0.53 - 0.40) 
Ni^ * (0.98 - 0.38)-Cu2* (0.52 - 0.41) 
Ni2+ (0.96 - 0.45)-Cu2+ (0.52 - 0.41) 
Ni^ * (0.95 - 0.53)-Cu2-^  (0.52 - 0.40) 
Ni^ * (0.95 - 0.59)-Cu2* (0.51 - 0.42) 
TABLE 7. Spectrophotometric Determination of Different Amounts of Fe^ Cations after TLC Separation 
from Cu^ * and Ni^ * Cations 
Sample Amount loaded ((ig) Amount recovered (jig) % Error Relative recovery 
1 
2 
3 
4 
5 
6 
225 
190 
160 
120 
90 
60 
222.5 
188.0 
155.0 
117.5 
87.5 
57.5 
1.11 
1.05 
3.12 
2.08 
2.77 
4.16 
98.89 
98.95 
96.88 
97.92 
97.23 
95.84 
Influence of various factors on the mobilities of metal cations 
Effect of surfactant concentration 
The influence of the concentration of the surfactant on the mobility of the metal cations was 
examined by performing chromatography on silica layers using different concentrations of sur-
factant in the mobile-phase system (M2-M5). The Rp values of the metal cations obtained in pure 
water (i.e. zero surfactant concentration, Ml) and in aqueous solutions of SDS at various concen-
tration levels (M2-M5) are listed in Table 2. From the data in this table, the following conclusions 
may be drawn: 
1. In pure water, all metal cations except Ni^ +, Co^ + and Cd^ + showed Uttle mobihty and Ag"^  
was found to produce a tailed spot. The higher mobility of Ni^ + (Rp = 0.90) or Co^* (Rp = 
0.85) faciUtated their separation firom all other metal cations studied whereas the mid-Rp 
value for Cd^* (Rp = 0.40) opens opportunities for its selective separation from multi-
component mixtures of metal cations. 
2. When aqueous surfactant solutions of SDS at different concentration levels (1, 5, 10 and 
15%) were used as the mobile phase, metal cations such as Zn}*, Fe^, Cu^+, Ag+, Pb^ + and 
Bi^ moved slightly from their point of application. 
3. A higher mobility (Rp » 0.87) was observed for Ni^ + and Co^ + cations at all surfactant 
concentration levels. 
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TABLE 8. Separation of a Mixture of Fe'^ -Cu^ -^Ni^ * Cations from Spiked. Real and 
Synthetically Prepared Metal Ore. Alloy and Heavy Metal Sludge Samples' 
Samples 
Sample E5 
Spiked waste sample 
Spiked sulphide sludge waste sample 
Spiked hydroxide sludge sample 
Sulphide sludge standard solution 
Hydroxide sludge standard sample 
Spiked seawater 
Spiked river water 
Spiked tap water 
Synthetic German silver 
Spiked synthetic German silver 
Synthetic brass 
Spiked synthetic brass 
Real German silver 
Spiked real German silver 
Real brass 
Spiked real brass 
Real bronze 
Spiked real bronze 
Separation (K^i 
Fc • 
N.\ 
O.tU 
0.02 
0.03 
0.03 
0.02 
0.03 
0.02 
0.03 
NA 
0.02 
NA 
0.02 
NA 
0.04 
NA 
0.03 
NA 
0.03 
Cu • 
N \ 
(1.47 
0.45 
0.50 
0.46 
0.45 
0.46 
0.45 
0.49 
0.46 
0.46 
0.47 
0.45 
0.45 
0.45 
0.47 
0.48 
0.46 
0.46 
Ni^ ^ 
085 
(186 
0.85 
0.85 
0.85 
0.83 
0.83 
0.84 
0.84 
0.83 
0.84 
NA 
0.84 
0.84 
0.85 
NA 
0.85 
NA 
0.86 
"Mobile phase: M24. NA = Not Available. 
4. The mobility of Hg^ + increased with increasing concentration of surfactant along with the 
formation of elongated spots. 
5. Badly tailed spots were produced by Cd?* at all surfactant concentration levels. 
6. A 5% aqueous SDS solution (M3) was selected for further studies as it produced more 
compact spots for cations. 
Effect of non-electrolyte and electrolyte additives 
The effect of the addition of urea (organic non-electrolyte) and NaBr (inorganic electrolyte) at dif-
ferent concentration levels in M3 on the mobility of the metal cations was examined. The results 
obtained are summarized in Table 3. From the data listed, the following trends may be noted: 
1. The mobility of Fe^, Cu^^ Zv?*, Pb^* and Bi^ cations remained almost unaffected at all 
concentration levels of urea and NaBr. 
2. In the presence of urea, Hg^ + showed an intermediate mobility along with the formation of 
tailed spots but in the presence of NaBr it showed a higher mobiUty. 
3. The mobility of Cd^* increased with decreasing concentration of urea. However its mobility 
in the presence of NaBr remained almost unchanged. 
4. Tailed spots were produced by Co^ + and Cd^ + at all concentrations of NaBr. 
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Figure 1. Mobility of metal cations in 5% aqueous SDS conlaining difTerent concentrations of alcohols 
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Figure 1. (Continued). 
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Figure 2. Mobility of metal cations in 5% aqueous SDS containing different concentrations of carboxylic acids. 
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Figure 3. Spectrophotometric determination of Fe^* cations. 
350 
Effect ofalkanols 
The effect of the chain length of alkanols on the mobility of metal cations was examined using 
mobile phases consisting of 5% aqueous SDS and various alkanols (methanol, ethanol, propanol 
and butanol) in different volume ratios (M6 to Ml6). The results obtained are presented in Figure 1 
from which the following conclusions may be drawn: 
1. Regardless of the nature of the alcohol in 5% aqueous SDS, Zv?*, Bi^, Cu^* and Fe'"^  
cations showed little mobility and remained near the point of application whereas Pb^* 
showed no mobility. 
2. Tailed spots were produced by Ni^ + in the presence of ethanol whereas Hg^* produced tailed 
spots in all cases. 
3. Increasing the concentration of alcohol (M6 to Ml6) led to a decrease in the mobility of 
Ni^ +, Co^*, Cd^* and Ag+ cations. Thus, for example, the order of mobility of Ni^ * in SDS 
mobile-phase systems containing methanol, ethanol, propanol and butanol was M6 > M7 > M8, 
M9 > MIO > Mi l , M12 > M13 >M14 and M15 > M16, respectively. 
4. Occasional tailing occurred with Cd^* cations. 
5. The mobiUty of Hg^ + increased as the concentrations of methanol and ethanol increased but 
remained unchanged in the presence of propanol-1 and butanol-1. 
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Effect of monocarboxylic acids 
The effect of the alkyl group of monocarboxylic acid on the mobility of metal cations was stud-
ied using mobile phases consisting of 5% aqueous SDS and 1% aqueous solutions of 
monocarboxylic acids (HCOOH and CH3COOH) in different ratios (M20-M25). The results 
obtained are summarized in Figure 2 from which the following trends may be noted: 
1. An increase in the concentration of acid (HCOOH or CH3COOH) in the mobile phase was 
found to be associated with an increase in the Rp values of Cu^+, Cd^*, Zv?*, Hg^+, Pb^ "^  and 
Ag* cations. In the case of Fe^, its mobility was always higher with increasing formic acid 
(HCOOH) relative to its mobility in mobile-phase systems containing acetic acid 
(CH3COOH). This was probably due to the higher density in HCOOH-containing mobile-
phase systems of H* cations, which compete with the metal cation for exchange on the silica 
gel layer. 
2. In the presence of formic acid, Ni^ * generated tailed spots. However, this cation produced 
compact spots in the presence of acetic acid. 
3. At higher concentrations of both formic and acetic acids (> 50%), both Pb^^ and Ag* cations 
showed tailed spots. Conversely, Cd^* showed tailed spots at low concentrations (< 50%) of 
both acetic and formic acids. 
4. The Bi^ cation showed Uttle mobility in the presence of both acids and remained near the 
point of application. 
From the above studies, a TLC system consisting of silica gel as a stationary phase and 5% 
aqueous SDS + 1% aqueous acetic acid in a 1:1 ratio (M24) was identified as being the most 
favourable system for the separation of Ni^ *, Cu^* and Fe^ cations from their mixtures. The Rp 
order Fe^ (Rp = 0.02) < Cu^* (Rp = 0.48) < Ni^ * (Rp = 0.87) was found to be the same as the order 
of their Pauling ionic radii (given in parenthesis. A) as Fe^ (0.64) < Cu^ + (0.70) < Ni^ + (0.72). This 
shows that the Rp value is somehow related to the physical properties of the metal cations. Thus, 
the higher the Pauling ionic radius, the higher is the Rp value (or mobility). 
Effect of impurities on the separation of co-existing Cu^*, Fe'^ andNi^'^ cations 
Table 4 summarizes the effect of impurities on Fe^-Cu^*-Ni^"^ separation. Heavy metals and 
amino acids did not influence the separation, although the Rp value for Cu^ + was sHghtly altered 
from its standard value (0.48) in the presence of sample impurities. However, Ti** hampered the 
separation as indicated by the formation of tailed spots for Fe^ and Ni^ "^  cations. A significant 
lowering of the Rp values for Cu^* and Ni^ * was noted in the presence of aliphatic and aromatic 
amines. Similarly, anions influenced the mobility of Ni^ % resulting in the formation of tailed spots 
that adversely affected the separation efficiency. 
Effect of sample pH on the separation and identification ofFe^^, Cii^* and Nf* cations 
The data recorded in Table 5 reveal that Fe^, Cu^ + and Ni^ + cations could be separated easily from 
each other up to a pH value of 2.15. However, at pH values higher than 2.15, the Fe^ cation 
precipitated out and could not be detected on TLC plates, whereas the detection of Cu^ + could be 
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achieved up to a pH value of 5.98. At pH 8.97. Ni-* was also precipitated. Thus, a pH value of 
2.15 was the most suitable for the separation and detection of Fe^, Cu^ + and Ni^ + cations. 
Other studies undertaken 
The detection limits 
The lowest possible detectable micrognim annniiiLs along with the dilution linnis for heavy metal 
cations (given in parentheses) on a silica gel layer were f-c'* (0.12. hS.-: Itt^). Cu-" (.'i.O. l:2x 10 )^ 
andNi-*(1.0, 1:1 X lO'). 
Separation of microgram quantities ofCir* cations from milligram quantities ofNi-* cations 
The results obtained for the separation of Cu-"" from Ni-" are tabulated in Table 6 and show that 
10 mg Cu^* cations could be separated easily from a 0.80 mg excess of Ni-* cations. 
Quantitative determination ofFe^* cations 
Up to 225 mg, Fe^* cations could be determined spectrophotometrically using 2% aqueous 
NH_,SCN solution as the chromogenic reagent. The absorbance measured at 480 nm was 
plotted against ^g amounts of FeClj to obtain the standard curve depicted in Figure 3. This curve 
was then used to study the recovery of Fe'* after preliminary separation from Cu-* and Ni^ "^  
cations. 
The relative recovery was always greater than 95.8% while the percentage error was not greater 
than 4.16. The results obtained are tabulated in Table 7. 
Application of the method 
The method was used for the separation and identification of heavy metal cations in a variety of 
real and spiked matrices. The results listed in Table 8 clearly demonstrate the applicability of the 
proposed method for the separation of Fe^, Cu^* and Ni-* cations from a variety of environmen-
tal and geological samples. 
The results of semi-quantitative determination by visual comparison were applied for estimac-
ing the concentration level of nickel in industrial wastewater. The analyzed industrial wastewater 
sample was found to contain nickel in the 1-1.2 g/1 range. 
CONCLUSIONS 
The proposed chromatographic procedure allowed the selective adsorption and reliable identifica-
tion of certain heavy metal cations on a silica gel flat bed. The addition of acetic acid in sodium 
dodecyl sulphate (SDS) improved the resolution and allowed the simultaneous separation of the 
heavy metal cations present in various samples. Among the selected mobile-phase systems, 
5% aqueous SDS + 1% aqueous acetic acid was the most favourable for separation. Furthermore, 
the proposed TLC-spectrophotometric method allowed quantitative estimation of Fe^* cations 
with a 95.8% recovery. 
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Being selective, the proposed method could be implemented as a reliable analytical tool for 
the analysis of ores, alloys, industrial wastewater, drop and clinical samples. More importantly, the 
method could be applied for the identification and estimation of Fe^ % Cu^* and Ni^ "^  cations in the 
wastewater of drug industries where amino acids and their derivatives are present as impurities. 
Further investigations on the applicability of this method should be carried out with different 
anionic surfactants and for other species such as the rare-earth metals. 
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SUMMARY 
Silica gel in combination with surfactant-mediated eluents has been used for thin-layer chromatography of sixteen metal cations. Several 
combinations of mobile phase systems comprising of sodium dodecyl sulfate (SDS) plus organic non-electrolytes and inorganic electrolytes 
have been tested for rapid and reliable separation of metal cations. TLC system constituting silica gel as a stationary phase and 0.3% SDS (pH 
2.3) plus 5% aqueous NaCl (9:1, v/v) as mobile phase was identined most favorable system for the separation and identification of co-exist-
ing gold, copper and silver in alloys. Semiquanititative determination of Cur', Co'*, Ni'* and Cd'* by spot-area measurement method has been 
attempted. TLC-spectrophotometry technique has been used for quantitative determination of Cu'' in synthetically prepared ores and alloys 
with preliminary separation from Au** and Ag'. 
Key words: Micellar TLC, Separation, Metal cations. Gold, Copper, Silver. Spectrophotometry 
INTRODUCTION 
Because of poor toxicity, low cost, enhanced separation selec-
tivity, non-flammability, capability of simultaneously separating 
hydrophilic and hydrophobic solutes and non-volatility, micellar 
mobile phases (i.e. solutions containing a surfactant at a concentra-
tion above its critical micellar concentration (CMC) have found in-
teresting applications in liquid chromatography (1-8]. The use of 
micellar mobile phases (MMP) in thin-layer chromatography 
(TLC) Was first proposed by Armstrong and co-woriccrs [9-10]. 
lAMP have been successfully utilized to separate pesticides and 
biphenyls [10], polynuclear aromatic hydrocarbons and vitamins 
[11], phenols [12], amino acids [13-14], alkaloids [IS], dyes [16] 
and drugs [17]. Despite evident advantageous features, the use of 
MMP in chromatographic analysis of metal cations [18-20] has 
been less extensive compared with their use in the analysis of or-
ganic compounds. 
*E-mail: mohammadali 4 u@rediffmail.com 
Fax no.:+91-571-2702758 
In addition to simplifying chromatographic procedure, MMP 
result in improved separations as a rcsult of electrostatic, hydro-
phobic and donor-acceptor interactions, or any combination of 
these [9. II, 12. I6|. Secondary interactions arising from partition-
ing of solute within the mobile phase (betvwen aqueous and micel-
lar phases) also play a decisive role in the separation of solutes by 
micellar liquid chromatography. According to literature |2. 3. 20, 
21], chromatographic performance of MMP can be further im-
proved by using them in the presence of salts and organic additives 
which affect the size of micelles. Several analytical techniques [22 
-26] have been used to separate Au (III). Cu (II) or Ag (I) from a<i-
sociated metal ions but the work on simultaneous separation of 
these metal cations from their three component mixtures by TIX is 
lacking. This communication reports a simplest and convenient mi-
cellar TIX procedure for the separation of co-existing Au (III), Cu 
(II) and Ag (I) ions. The mutual separation of Au (III). Ag (I) and 
135-
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Cu (11) is very important from practical point of view as these met-
als are generally associated with each other in natural ores of silver 
or copper. Furthermore, after the separation. Cu (11), has been de-
termined quantitatively by spectrophotometry using l-(2-pyridy-
lazo)-2-naphthol (PAN) solution in methanol as chromogenic re-
agent The TLC-spectrophotometric method was applied to recov-
ery of Cu (II) from synthetic alloy and ore samples. 
EXPERIMENTAL 
Apparatus: A TLC applicator (Toshniwal, India) was used for 
coating silica gel on 20 x 3.S cm glass plates. The chromatography 
was performed in 24 x 6 cm glass jars. A glass sprayer was used to 
spray reagents on the plates to locate the position of the spot of 
analyte. Digital pH meter (Elico, India. Model 181 E of type PC-
22) and spectrophotometer (Elico, India, SL-171) were used for 
pH measurements and spectrophotometeric determination, respec-
tively. 
Chemicals and Reagents: Sodium dodecyl sulfate (BDH, India) 
and aerosol-OT (BDH, England); sodium chloride or nitrate and 
urea (G.S.C, India); Silica gel 'G' and thiourea (E. Merck. India): 
Brij-35 and Triton X-100 (Loba-chemie, India), cetyl trimethyl 
ammonium bromide (CTTAB), phenols, amines, aminophenols and 
anions (CDH, India) were used. All reagents were of Analar Re-
agent grade. 
Metal Cations Studied: Fe^ Cu'*. Ni". Co". \}Oi\ V0=* Cd", 
Zn", Ag*. Pb". T1-, Bi", Hg"*. Al"*, Ti**, and Au". 
Test Solutions: 1.0% aqueous solutions of following salts were 
used as test solution: 
a. Niuates of Cd'', Zn', Pb", Tl*. Bi", Al', and Ag'. 
b. Chlorides of Ni". Co". Fe^ Hg", Ti^ and Au". 
c. Sulfates of Cu", VO", and UO,". 
All the solutions were prepared in demineralized water with a 
specific conductivity (K = 2 x 10"* ohm"' at 2 5 t ) . The solutions of 
nitrates of lead, silver and bismuth, and the chloride of mercury 
also contained small quantities of corresponding acid to limit the 
ex tent of hydrolysis. 
The solutions (1%) of various anions and surfactants were 
prepared in demineralized water. The solutions (1%) of various 
amines, phenols and aminophenols were prepared in methanol. 
Test Materials Used 
1. Gold-plated printed-circuit board (GPCB) {Au, Ni and Cu) 
from Toyama Electric. Bangalore 
2. Silver mirror scrap (SMS) (Ag, Cu) and Silver mirror spent 
solution (SMSS) {Ag and Cu). both from Ship Mirror Indus-
tries, Bangalore 
3. High-copper dental amalgam (HCDA) |Ag, Hg, Cu, Zn and 
Sn) from Dental College, A. M. U., Aligarh 
4. Electroplating gold waste from Anand Jewellers, Aligarh 
5. Sterling silver scrap (SS) {Ag. Cu) 
6. Gun metal (90% Cu + 10% Sn) 
7. Ornamental silver (80% Ag + 20% Cu) 
8. Copper pyrites (CuFeSi; 4% Cu + 96% Fe) 
9. Copper glance (CuS) 
Buffer Solutions 
S.No. Composition Volume ratio pH 
1 U.M M Boric acid-0.04 M phosphoric acid 50:50 2.3 
2 0.04 M Boric acid-0.04 M phosphoric acid 50:50:8 3.4 
-0.24 M NaOH 
3 0.04 M Boric acid-0.04 M phosphoric acid 50:50:10 5.7 
-0.24 M NaOH , 
4 0.(U M Boric acid-0.04 M phosphoric acid 50:50:14 7.0 
-0.24 M NaOH 
5 0.(M M Boric acid-0.04 M phosphoric acid 50:50:60 11.9 
-0.24 M NaOH 
Detection Reagents: For the detection of various cations, the fol-
lowing reagents were used: 
a. 8x 10"'% (w/v) Dithizone in carbon teu^chloride for Cd", 
Zn". Ag-, Pb", TV, Bi", and Hg". 
b. 1% Aqueous potassium ferrocyanide for Fe", Cu", UO", 
VO". and Ti". 
c. 1 % Alcoholic dimethylglyoxime for Ni", and Co". 
d. 0.1 % Aluminon for Al". 
e. 1% (v/v) Yellow ammonium sulphide for An". 
Stationary Phase: Silica gel 'G' 
Mobile Pha.se: The following solvent systems were used as mobile 
phase 
SymlMl Composition 
M, 0.03.0.144.0.3 and 1.44% aqueous SDS 
M: 0.03.0.144.0.3 and 1.44% buffered SDS (pH 2.3) 
M. 0.03.0.144.0.3 and 1.44% buffered SDS(pH 3.4. 5.7. 7.0 and 11.9) 
M 0 03% SDS (pH 2.3)+1 % urea (9:1.1:1 and 1:9) 
M, 0.3% SDS (pH 2.3>+5% urea (9:1. 1:1 and 1:9) 
M. 03% SDS (pH 2.3)+10% urea (9; 1. 1:1 and 1:9) 
M, 0.3% SDS (pH2.3)+15% urea (9:1,1:1 and 1:9) 
M. 0.3% SDS (pH2.3>+l% thiourea (9: 1. 1:1 and 1:9) 
M, 0 . j * SDS ipH 2.3)+5% thiourea (9: 1, 1:1 and 1: 9) 
M« 0.3% SDS (pH 2.3)+10% thiourea (9: 1, 1: 1 and 1:9) 
M„ 0.3% SDS (pH2.3)+15% thiourea(9: 1, 1: 1 and 1:9) 
M,: 0.3%SDS(pH2.3)+l%NaNO.(9: I. 1: 1 and 1:9) 
M,. 03% SDS (pH 2.3)+5% NaNO, (9: 1, 1: 1 and 1:9) 
M„ 0.3% SDS (pH 2.3H10% NaNO, (9: 1, 1: 1 and 1: 9) 
M„ 0.3% SDS (pH 2.3)+I5% NaNO, (9: 1. I: I and 1: 9) 
M.. 0.3% SDS (pH 2.3)+) % NaCI (9: I. I; I and I; 9) 
M„ 0.3% SDS (pH 2.3)+5% Naa(9: 1. 1; 1 and 1:9) 
M„ 0.3% SDS (pH 2.3HI0% NaCI (9: I. 1; 1 and I; 9) 
M„ O.V/, SDS (pH 2.3)+l5% NaCI (9: 1 and 1: I) 
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CHROMATOGRAPHY 
(a) Preparation of TLC Plates: Silica gel plates were prepared 
by mixing the adsorbent with double distilled water in 1: 3 ratio by 
weight. The resultant slurry was mechanically shaken for lOmin, 
after which it was applied to well-cleaned glass plates with the 
help of TLC applicator to give a layer of approximately 0.25 mm 
thickness. The plates were air dried at room temperature and then 
activated by heating at 100 ± StD for 1 h. After activation, the 
plates were stored in a desiccator. 
(b) Preparation of Test Materials 
Peeling: Peeling of silver mirror scrap (specimen surface area 19 
cm') was performed with concentrated formic acid (90%, w/w) in a 
glass beaker. The acid was heated at 1 lO'C and the material was 
added into it. On completion of peeling (within 1 min), the solution 
was separated and the peeled material was used as the 'source ma-
terial' for silver. 
Leaching: Leaching of silver mirror scrap (specimen surface area 
19 cm") was performed with 50% nitric acid in a glass beaker. On 
completion of leaching (within I min), the solution was separated 
from the leached a-sidue and used for silver separation. Similar 
leaching procedua* wa.s applied on other silver-containing material 
(0.153 g sterling silver scrap and 0.25 g high-copper dental amal-
gam). 
Leaching of gold-plated prinied-circuit board (specimen sur-
face area 72.42 cm' containing 16 large pins and 14 small pins) 
was performed with aqua-regia in a glass beaker. On completion 
of leaching, the solution was separated from the residue and used 
for gold separation. 
(c) Preparation of Synthetic Alloy and Ores: For the synthesis 
of gun metal (90% Cu + 10% Sn), 9 mL of 1% CuSO- solution was 
added into 1 mL of 1% aqueous SnCL. 5 HiO solution and for the 
synthesis of ornamental silver (80% Ag + 20% Cu), 8 mL of 1% 
aqueous AgNOj solution was added into 2 mL of 1% aqueous 
CuSO< solution. The resultant solutions of synthetic gun metal and 
ornamental silver were transparent. 
For the synthesis of copper pyrites (CuFeSj), 0.2 mL of 1% 
aqueous CuSO. solution was added into 4.8 mL of 1% aqueous 
FeCh solution and for the synthesis of copper glance (CuS). 5 mL 
of 1% CuSO. were taken in two different beakers. About 8 mL of 
0.5% Ihioacciamide solution was added in both the beakers, as a re-
sult precipiuies of CuFeS.- and CuS are formed. Precipitates were 
dissolved in minimum possible amount/ volume of concentrated 
HNOi. The solutions were healed for complete removal of acid. 
The residues were dissolved in 5 mL of 1 M HCI and 5 mL of dou-
ble distilled water, respectively. Clear solutions of synthetic ores 
were obtained. 
Procedure: About 10 ^L of test solution was applied using a mi-
cropipette about 2.0 cm above the lower edge of TLC plates. The 
spots were dried, and the plates were developed in glass jars by as-
cending technique. The glass jars containing the mobile i^hase were 
covered with a lid for about 20 min so that the glass jars would get 
pre-saturated with the mobile phase vapors. The mobile phase 
(solvent) was allowed to migrate up to 10 cm firom the starting line 
in all cases. After development, the plates were dried again and the 
cations were visualized as colored spots by spraying with appropri-
ate detection reagents. The cations were idendfied on the basis of 
their RF values, which was calculated from PL (RF of leading front) 
and RT (RF of trailing front) for each spot, whereas 
RF = (Rt. + RT)/2 
Separation: The test solution 10 ^L of copper, silver and gold 
mixture was spotted on TLC plate coated with silica gel ' C and 
the chromatography was performed with mobile phase Mi? [0.3% 
SDS (pH 2.3) •¥ 5% NaCl (9:1)]. The resolved spots for these metal 
cations were observed on TLC plates after spraying chtomogenic 
reagents. The RF values of Au", Cu" and Ag in their mixture were 
found to vary marginally from their individual RF values. 
Interference: For investigating the interference of inorganic ani-
ons, amines, phenols, aminophenols and surfactants on the separa-
tion of co-existing Au", Cu'*, and Ag', an aliquot (10 nL) of addi-
tives was spotted along with the mixture (10 jtL) of Au**, Cu'', and 
Ag' and chromatography was performed as described above with 
Mi7 (9:1). The spots were detected and the RF values of separated 
metal ions were determined. 
Limit of Detection: The identincation limits of various cations in-
cluding Cu'* and Ag* were determined by spotting different 
amounts of cationic solutions on the TLC plates. The plates were 
developed in Mi7 (9:1) and the spots were detected as described 
above. The method was repeated with successive lowering of the 
amount of cation until spots could no longer be detected. The mini-
mum amount of cation that could be detected was t!>ken as the limit 
of detection. 
Semiquantitative Determination by Spot-Area Measurement: 
For semiquantitative determination by spot-area measurement 
method. 10 ^L of a series of various standard solutions (0.5-2.0%) 
of Cu""', Co'', Ni"'' and Cd'' were spotted on silica gel layers. The 
plates were developed with Mn (9:1). After detection the spots 
were copied onto tracing paper from die chromatoplates and then 
the area uf each spot was calculated. 
Quantitative Determination: Spectrophotometry of copper after 
Tl<C separation from gold and silver was carried out as follow: 
A sample of copper salt CuSO.. 5 HiO solution containing 
5.08-25.45 fig of Cu'' was treated with 0.1 mL of 0.1% l - ( 2 -
pyridylazo)-2-naphihol (PAN) in methanol and the volume was 
made up to 10 mL with demineralized double distilled water. After 
thorough mixing, the solution was left for 10 min for complete 
color development. The absorption spectra of this solution against 
137-
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blank over 400-380 nm gave a maximum absorbance peak at 460 
lun (XiDu). The color produced with copper was stable and propor-
tional to copper concentration. The absorbance of developed color 
was measured against the blank at 460 nm using 1 cm cells and a 
calibration curve was obtained. 
This spectrophotometric method was used to determine recov-
ery of copper after separation from gold and silver as follows. 
Diffeient volumes (0.01-0.05 mL) of CuSO*. 5 HiO solution 
containing 5.08-25.45 pg Cu were spotted on the TLC plates. Af-
ter the spots were completely dried, 0.1 mg of silver salt solution 
was spotted on the same spot and the plates were re-dried at txx>m 
temperature. The dried plates were developed in Mn (9:1). A pilot 
plate was also run simultaneously to locate the position of copper. 
After development, the region containing the copper spot on the pi-
lot plates were detected, the corresponding region on the working 
plates (undetected spot) was marked and this area of adsorbent was 
scraped into a clean beaker and the copper was exu^cted with ap-
proximately IS mL of 1.0 M aqueous HCl, and followed by wash-
ing of the adsorbent to ensure complete removal of copper. The fil-
trate was kept on water bath for complete removal of HCl and the 
residue so obtained was dissolved in demineralized double distilled 
water and followed by addition of 0.1 mL of chromogenic reagent 
solution (0.1% PAN in methanol) and the total volume in each case 
was maintained to 10 mL using demineralized double distilled 
water. The solution was left for complete color development for 10 
min. The absorbance spectra of this solution was measured against 
blank at 460 nm using 1 cm cells and a recovery curve was con-
suiicted. The copper was spectrophotometrically determined after 
its separation from other samples listed in the percentage recovery, 
% error and relative standard deviation (RSD) were calculated, us-
ing the formulae: 
(a) Percentage recovery = 
•^ . Amount recovered-Amount loaded 
Amount loaded 
(b) Relative standard deviation (RSD): 
-=-, where S is standard deviation and 
X is mean of measurements. 
Application 
Chromatography of Unspiked Materials: Chromatography of 
unspiked dental amalgam and printed circuit board was done using 
Mi7 (9:1) as mobile phase and the spots of Ag*, Hg'*, Zn", Cu'* and 
Au** were detected and the RF value of each cation was determined. 
Chromatography of Spiked Materials: The spiked samples of 
PCB, dental amalgam, silver mirror scrap, silver mirror spent solu-
tions, and steriing silver were prepared as follows: 
(a) One mL of GPCB/ electroplating gold waste was mixed with 
1 mL of silver test solution (1%). The chromatography was 
done using 10 \iL solution of this mixture for spotting, 
(b) One mL of gold solution was added to I mL of each SMS, 
SMSS or SS solution and HCDA solution and 10 ^L of die 
mixture was used for chromatography and rrsolved spots of 
Au**, Cu'* and Ag* from their mixtures were identified by their 
respective RF values. 
RESULTS AND DISCUSSION 
(a) Effect of Concentration and pH of SDS Solution 
Chromatography of sixteen metal cations was performed us-
ing various mobile phase systems (Mi-M>). The mobility paitcm of 
metal cations was found to depend on the composition of mobile 
phase. Results obtained with different concentrations of unbuffered 
aqueous SDS (Mi) and buffered SDS (Mi and Mi) solutions reveal 
the following trends: 
(i) Metal ions such as Al**, Ti**, VCC*, he", Cu'*. Zn", Pb'*, Bi" 
and UOi* show either no mobility (RF = 0.0) or very little mo-
bility (RF « 0 . 0 5 ) at all concentiation levels as well as over en-
tire pH range of SDS solutions. A slightly higher mobility (RF 
= 0.30) in the case of Zn'* was observed when 1.44% SDS so-
lution (pH 2.3) was used as mobile phase, 
(ii) Ni'*, Co'' and Tl* produce badly tailed spots (RL-RT > 0.30) 
almost with all the mobile phases (Mi-Mi) used with (he ex-
ception of 0.3% SDS (pH 2.3). Compared to buffered SDS so-
lutions Mj, higher .nobility for tiiese cations (RF of Ni" or 
Co'* = 0.85 and Tl* = 0.34) was observed with 0.3% SDS so-
lution (pH 2.3). 
(iii) Au** as well-formed spot, always migrates near to solvent 
front (RF » 0 . 9 0 ) regardless the concentration or pH of SDS 
solution and hence it can be selectively separated from binary 
mixtures containing other metal ions, 
(iv) The mobility of certain n^tai cations (Cu*", 2Ln", Ag*, Bi" and 
Al**) was found to increase marginally on substitution of 
0.03% or 0.144% buffered SDS (pH 2.3) with 0.3% or 1.44% 
SDS (pH 2.3). 
(V) The development time for 10 cm ascent was typically short i. 
e. 10-12 min for all mobile phase systems used. 
The RF data of metal ions obtained wiUi buffered SDS (pH 
2.3) at different concentrations (Mi) levels are compared and pre-
sented in Figure 1. It is clear from this figure that the mobility of 
metal ions is slightiy influenced by the concentration of SDS in the 
mobile phase. 
Keeping all the necessaiy conditions of being selected as bet-
ter mobile phase e,g. compactness of spot and mobility of metal 
cations, M, (0.3% buffered SDS. pH 2.3) was selected for further 
study. 
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-0-I^%SDS(pH2J) -n.QJ%SDS(pH23) -O-0.144% SDS (pH 23) .A.0.03% SDS(pe2.J) 
I T 
ei 0.4 
Al Ti VO Fc Co Ni Cu Zn Ag Cd Ao Hg Tl Pb Bi UO 
Metal lonf 
Figure 1. Effect of SDS concentration at fixed pH on tiie mobility of metal cations 
(b) Effect of Added Urea and Thiourea 
The effect of addition of or;gamc non-electrolytes (e.g. urea 
and thiourea) at different concentration levels in Mi (0.3% SDS, 
pH 2.3) on the mobility of metal cations was examined as de-
scribed in Tables I and 2. On the basis of RF values obtained with 
the resultant mobile phase systems (M-Mn). the mobility trends of 
metal cations are summarized below: 
(i) Metal cations such as Ti**, VO", UOi", Fe", Pb" and Zn" 
show little mobility (RF W0.08) , whereas Au" shows high mo-
bility (RF n0.90) al all concentrations of urea and thiourea, 
(ii) Ni", Co", Cd", Hg", Tl* and Bi" show tailed spots in the 
presence of urea, whereas in thiourea only Ni", Co" and Tl* 
show tailed spots at all concentration levels. 
(iii) The mobility of Al" was found to deciease with the increase 
in concentration of thiourea (1%-15%) at all volume ratio 
with 0.3% SDS [Figure 2 (a)]. Conversely the mobility of Al" 
increases with the increase in concentration of urea (5-15%). 
However, its mobility decreases with the increase ii. volume 
ratio of urea in 0.3% SDS [Figure 2 (b)). With 1% urea, Al" 
shows very little mobility (RF = 0.05) at all volume ratio of 
urea and SDS. 
(iv) The mobility of Hg" was found to increase as the concenu-a-
tion of thiourea increases in 0.3% SDS whereas a reversal 
trend i.e. decrease in the mobility with increase in concentra-
tion of thiourea was observed in the case of Cd". 
(v) The mobility of Cu" was found to increase with the increase 
Table 1. Mobility trends of metal ions on silica gel 'G' developed with 0.3% SDS (pH 2.3) plus different concentrations of 
Metal ions 
Al" 
Co" 
Ni" 
Cu" 
Ag-
ed" 
Au" 
Hg" 
Tl-
Bi" • 
0.3%SDS-«- 1% 
9:1 
0.05 
0.75 T 
0.75 T 
0.49 
0.33 T 
0.45 T 
0.90 
0.50 T 
0.40 T 
0.20 T 
1:9 
0.05 
0.50 T 
0.50 T 
0.00 
0.15 
0.27 T 
0.90 
0.50 T 
0.25 T 
0.15 
urea 
1:1 . 
0.05 
0.65 T 
0.65 T 
0.19 
0.23 T 
0.32 T 
0.90 
0.50 T 
0.27 T 
0.16 T 
0.3% SDS + 5% 
9:1 
0.30 
0.65 T 
0.65 T 
0.40 
0.30 T 
0.45 T 
0.90 
0.70 T 
0.35 T 
0.20 T 
1:9 
0.05 
0.60 T 
0.60 T 
0.14 
0.28 T 
0.67 T 
0.90 
0.75 T 
0.25 T 
0.30 T 
urea 
1:1 
0.20 
0.65 T 
0.65 T 
0.35 
0.28 T 
0.63 T 
0.90 
0.70 T 
0.30 T 
0.20 T 
0.3% SDS + 109! 
9:1 
0.35 
0.60 T 
0.60 T 
0.40 
0.30 T 
0.45 
0.90 
0.70 T 
0.35 T 
0.20 T 
1:9 
0.05 
0.70 T 
0.65 T 
0.17 T 
0.33 T 
0.79 
0.90 
0.80 
0.28 T 
0.30 T 
) urea 
1:1 
0.30 
0.60 T 
0.60 T 
0.20 
0.30 T 
0.75 
0.90 
0.75 T 
0.33 T 
0.27 T 
urea 
0.3% SDS + 15% urea 
9:1 
0.38 
0.25 T 
0.29 T 
0.25 
0.25 T 
0.23 
0.90 
0.70 T 
0.28 T 
0.14 
1:9 
0.05 
0.75 T 
0.75 T 
0.20 T 
0.35 T 
0.84 
0.90 
0.85 
0.31 T 
0.29 T 
1:1 
0.30 
0.55 T 
0.55 1 
0.20 
0.30 T 
0.75 
0.90 
0.75 
0.33 T 
0.28 T 
Ti", VO': Ft". UO,", Zn" andPb" show 
T = Tailed Spot (RL-Rr>0.30) 
little mobility RF saO.OS. 
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Table 2. Mobility tiends of metal ions on silica gel 'C developed with 0.3% SDS (pH 2.3) plus different concentrations of thiourea 
Metal ions 
Al'-
Co" 
Ni" 
Cu'* 
Ag-
ed" 
Au" 
Hg" 
Tl* 
Bi" 
0.3% SDS + 1% thiourea 
9:1 
0.35 
0.80 T 
0.80 T 
0.66 
0.15 
0.54 
0.90 
0.33 T 
0.20 T 
0.07 
1:9 
0.05 
0.85 T 
0.82 T 
0.85 
0.56, 
0.0* 
0.44 
0.90 
0.57 
0.20 T 
0.10 
1:1 
0.30 
0.80 T 
0.80 T 
0.80 
0.32. 
0.0* 
0.47 
0.90 
0.47 
0.17T 
0.10 
0.3% SDS + 5% thiourea 
9:1 
0.33 
0.74 T 
0.74 T 
0.68 
0.39. 
0.0* 
0.56 
0.90 
0.58 
0.22 T 
0.15 
1:9 
0.05 
0.60 T 
0.70 T 
0.85 
0.77 
0.47 
0.90 
0.64 
0.20 T 
0.10 
1:1 
0.20 
0.65 T 
0.70 T 
0.83 
0.73 
0.51 
0.90 
0 62 
0.20 T 
0.14 
0.3% SDS + 10% thiourea 
9:1 
0.20 
0.65 T 
0.65 T 
0.75 
0.80 
0.60 
0.90 
0.65 
0.25 T 
0.15 
1:9 
0.05 
0.45 T 
0.45 T 
0.86 
0.78 
0.50 T 
0.90 
0.71 
0.20 T 
0.10 
1:1 
0.15 
0.65 T 
0.65 T 
0.83 
0.78 
0.52 T 
0.90 
0.69 
0.22 T 
0.15 
0.3% SDS + 15% thiourea 
9:1 
0.10 
0.65 T 
0.65 T 
0.89 
0.83 
0.60 T 
0.90 
0.65 T 
0.25 T 
0.20 T 
1:9 
0.05 
0.33 T 
0.40 T 
0.87 
0.83 
0.7 IT 
0.90 
0.85 
0.20 T 
0.14 
1:1 
0.08 
0.65 T 
0.65 T 
0.87 
0.83 
0.61 T 
0.90 
0.82 T 
0.23 T 
0.18 T 
T - Tailed Spot (RL-RT> 0.30); *Double Spot; Ti", VO", Fe'\ UO,". Zn" and Pb" show little mobility Rr »0.08 
•M8 - • - M 9 -*-MIO -X-Mll •M4 - * - M 5 - * - M 6 -»<-.M7 
0.4 
03 
5 0.2 
0.1 
10 50 90 
Volume of Added Thiourea 
(a) 
0.4 
03 ^ 
£ 0 . 2 
0.1 
0 
10 so 90 
Volume of Added urea 
(b) 
-•-M12 - • - M i a -A-M14 -x -MlS 
0.6 -, 
0.5 
0.4 
03 
0.2 
0.1 ^ 
0 
-M16 •M17 -M18 
10 50 90 
Volume of Added NaNOj 
(c) 
03 1 
0.2 
0.1 
10 50 90 
Volume of Added NaCl 
• (d) 
Figure 2. Plot of Rr of Al"* Vs volume of added thiourea (a), urea (b), NaNo, (c) and NdCl (d) in M, (0.3% aqueous SDS in pH 2.3). 
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-M8 -M9 •MIO -Mi l 
1 
0.8 i 
0.6 
0.4 
0.2 
0 
10 50 90 
Volume of Added Thiourea 
(a) 
-M4 -MS -M6 •M7 
10 SO 90 
Volume of Added Urea 
(b) 
Figure 3. Plot of RF of Cu'* Vs volume of added thiourea (a), urea 
(b) in Ml (0.3% aqueous SDS in pH 2.3) 
in concentration of thiourea at all volume ratio with 0.3% SDS 
[Figure 3 (a)]. However, the mobility of Cu'* increases with 
the increase in concentration of urea (1-15%), though its mo-
biUty decreases with the increase in .volume ratio of urea at its 
particular concentration in 0.3% SDS [Figure 3 (b)]. 
(vi) Ag* forms double spots at certain concentration of thiourea 
(2-10 g/L) in the mobile phase. The lower spot appearing near 
the point of application ( R F = 0.04) may be attributed to silver 
thiosulfate (Ag^SiOi) which being sparingly soluble shows lit-
tle mobility. The upper spot is probably due to the formation 
of [Ag (3:0])]] ' ' , and its mobility increases with the increase 
in concentration (2-10 g/L) of thiourea in the mobile phase. 
Being negatively charged species, it is not exchanged with 
silanol group of silica gel and hence move with die mobile 
phase giving higher mobility. At very low concentration 
of diiourea (1 g/L), only single spot is formed which remain 
Figure 4. Detected spots of Ag' on silica gel 'G' plates developsd 
with following mobile phases: 
A: 0 .1% (1.0 g/L) aqueous diiourea plus 0.3% aqueous 
SDS (pH 2.3) 
B: 0.2% (2.0 g/L) aqueous diiouiea plus 0.3% aqueous 
SDS (pH 2.3) 
C: 1.0% (lOg/L) aqueous thiourea plus 0.39(vaqueous 
SDS (pH 2.3) 
D: 1.2% (12 g/L) aqueous thiourea plus 0.3% aqueous 
SDS (pH 2.3) 
, near the point of applicadon. Conversely, at much higher con-
centration of thiourea (12-135 g/L), the single spot produced 
by Ag* appeared near die solvent front (RF = 0.83). The posi-
tions of spots appeared on chromatoplates are depicted in Fig-
ure 4. 
Thus, die higher concentration of diiourea in mobile phase is 
favorable for the formadon of [Ag (SjOj):] *" complex and checks 
die formation of AgsSsOi. Interestingly, badly tailed spots (RF = 
0.33 T) for Ag* were observed at concentration levels (1-15%) of 
urea containing mobile phase (M4-M7). It is probably due to the 
fact that Ag* has relatively lower affinity towards oxygen donors 
(e.g urea) compared to sulphur donors (e.g diiourea). The forma-
tion of diio-complexes such as AgiSjOs, sparingly soluble and [Ag 
(S:Oj)i] *•, soluble in water have been reported to be quite stable 
[27]. 
(c) Effect of Added NaNO, and NaCI 
The effect of inorganic electrolyte additives (NaNO> and 
NaCl) on die mobility of metal cations was examined at dieir dif-
ferent concenuation levels in 0.3% SDS (pH 2.3). The results are 
summarized in Tables 3 and 4. From these data following trends 
are noticeable, 
(i) Metal cations such as Ti**, V O ^ F e ^ Cu**, U0^^ Bi** and Pb'* 
• 1 4 1 -
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Tabic 3. Mobility 
Metal ions 
Al*-
Co" 
Ni'-
Zn'-
Ag-
ed" 
Au" 
Hg" 
Tr 
trends of metal ions on silica gel 
0.3% SDS + 1% NaNO, 
9:1 
0.22 
0.70 T 
0.60 T 
0.14 
0.26 T 
0.83 
0.85 
0.70 T 
0..16T 
1:9 
0.05 
0.70 T 
0.50 T 
0.25 T 
0.25 
0.69 
0.80 
0.70 T 
0.35 T 
1:1 
0.10 
0.60 T 
0.60 T 
0.20 T 
0.26 T 
0.73 
0.90 
0.70 T 
0.30 T 
'G' developed with 0.3% SDS (pH 2.3) pi 
0.3% SDS + 5% NaNOi 
9:1 
0.35 
0.70 T 
0.70 T 
0.15 
0.34 T 
0.90 
0.88 
0.80 T 
0.47 
1:9 
0.05 
0.70 T 
0.50 T 
0.26 T 
0.30 T 
0.83 
0.90 
0.80 T 
0.64 T 
1:1 
0.20 
0.60 T 
0.60 T 
0.20 T 
0.32 
0.85 
0.90 
0.80 T 
0.48 T 
us different concentrations of NaNO, 
0.3% SDS + 10% NaNO, 
9:1 
0.40 
0.87 
0.85 
0.25 T 
0.37 T 
0.90 
0.90 
0.85 
0.66 
1:9 
0.15 
0.80 T 
0.70 T 
0.30 T 
0.35 
0.86 
0.90 
0.86 
0.68 T 
1:! 
0.25 
0.82 T 
0.80 T 
0.27 T 
0.37 T 
0.87 
0.90 
0.85 
0.67 T 
0.3% SDS + 15% NaNO) 
9:1 
0.55 
0.85 
0.85 
0.82 T 
040T 
0.90 
0.90 
0.85 
0.65 
1:9 
0.15 
0.80 T 
0.80 T 
0.34 T 
0.38 T 
0.85 
0.90 
0.85 
0.70 T 
1:1 
0.40 T 
0.83 T 
0.83 T 
0.30 T 
0.40 T 
0.87 
0.90 
0.85 
0.70 T 
Ti". VO". Fe". UO'r. Hi" and Ph'' show link mobility Rt ss0.07. 
T = Tailed Spot (RL-RT>0.30) 
Table 4. Mobility trends of metal ions on silica gel "G" developed with 0.3% SDS (pH 2.3) plus different concentrations of NaCl 
Metal ion 
Al-
Ti*-
Co'-
Ni'-
Cu'-
Zn-
Cd'-
Au-
Hg'-
T|-
Bi-
0.3% SDS+1% NaCl 
9:1 
0.05 
0.00 
0.15 
0.25 T 
0.21 
0.25 
0.30 T 
0.90 
0.50 T 
0.20 T 
0.10 
1:9 
0.05 
0.35 T 
0.75 T 
0.50 T 
0.00 
0.20 
0.80 T 
0.90 
0.70 T 
0.27 T 
0.20 T 
1:1 
0.05 
0.35 T 
0.40 T 
0.50 T 
0.10 
0.22 
0.55 T 
0.90 
0.60 T 
0.25 T 
0.20 T 
0.3% SDS + 5% NaCl 
9:1 
0.10 
0.00 
0.40 T 
0.60 T 
0.28 
0.30 
0.50 T 
0.90 
0.60 T 
0.33 T 
0.I7T 
1:9 
0.05 
0.40 T 
0.85 
0.50 T 
0.10 
0.25 
0.89 
0.90 
0.85 
0.35 T 
0.25 T 
1:1 
0.07 
0.40 T 
0.60 T 
0.55 T 
0.12 
0.30 
0.80 T 
0.90 
0.70 T 
0.30 T 
0.25 T 
0.3% SDS+10% NaCl 
9:1 
0.20 T 
0.05 
0.40 T 
0.78 T 
• 0.30 T 
0.41 
0.70 T 
0.90 
0.70 T 
0.40 T 
0.20 T 
1:9 
0.05 
0.40 T 
0.89 
0.78 T 
0.13 
0.30 
0.90 
0.90 
0.85 
0.40 T 
0.40 T 
1:1 
0.10 
0.40 T 
0.70 T 
0.70 T 
0.12 
0.30 
0.90 
0.90 
0.80 T 
0.40 T 
0.30 T 
0.3% SDS + 
9:1 
0.31 
0.05 
0.80 T 
0.80 T 
0.30 T 
0.^3 
0.89 
0.90 
0.86 
0.62 T 
0.23 T 
15% NaCl 
1:1 
0.23 
0.40 T 
0.84 T 
0.80 T 
0.13 
0.38 
0.89 
0.90 
0.85 
0.43 T 
0.45 
Fe", UO,", Pb", Ag' and VO" 
T = Tailed Spot (RL-RT>0.30) 
show little mobility RF SS0.06. 
show litde mobility (RF W 0.07) in presence of NaNOi as ad-
ditive in 0.3% SDS (Mu-Mu). 
(ii) Mobility of Ag-. Ni'-, Co". Hg". Zn'- and Tr was found to in-
crease with the increase of NaNOj concentration levels. The 
increase in mobility is associated with the formation of tailed 
spot. 
(iii) The mobility of Al*" increases with the increase in concentra-
tion of NaNO] and NaCl, although its mobility decreases with 
the increase in volume ratio of NaNO, and NaCl at their par-
ticular concentration in 0.3% SDS (Figures 2 (c) and (d)]. 
Like Al". Zn'- and Cu" show the same trend in presence of 
NaCl. 
(iv) Au** shows a constant and high (RF = 0.90) mobility, whereas 
RF value of Cd" fluctuates within the range RF = 0.70-0.90 at 
all concentrations of NaNO,. 
(V) The mobiUty of Ti^ Co", Ni'-. Cd", Hg-'. Tl* and Bi" was 
found to increase with 'the increase in NaCl concentration 
along with the formation of tailed spot, whiie Ni", TI' and Bi" 
produce tailed spots at all concentration levels, Hg" and Co" 
show tailed spots at low volume ratio of NaCl. Ti*- and Cd" 
produce tailed spots at 1-5% NaCl in 0.3% SDS. 
(vi) In the presence of NaCl, UOj", Pb", Ag', VO" and Fe" show 
little mobility (RF » 0.06). 
On the basis of above studies, a TLC system comprising of 
silica gel as stationary phase and 0.3% buffered SDS (pH 2.3) plus 
5% NaCl in 9:1 ratio by volume as mobile phase was selected for 
-M2 
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Figure 5. Separation pattern of coexisting Au**, Cu'* and Ag' with 
0.3% SDS (pH 2.3) + 5% NaCI (9:1) 
Table 5. Effect of inorganic and organic impurities on the sepa-
ration of co-existing Au", Cu", and Ag' on silica gel 
•O" layers developed with 0 . 3 * SDS (pH 2.3) + 5% 
NaCI (9:1) 
detailed studies. This TLC system was found moM favorable for 
analytically important separation of gold, copper and silver (Figure 
5). These metals known as "coinage metals', have been used for 
production of coins. Copper with gold and silver causes hardness 
and hence used for jewellary. 
From the data listed in Table 5, it is evident that the RF value 
of Cu'' is decreased considerably in the presence of certain impuri-
ties. However, the RF of Ag* and Au** remained almost unchanged. 
Although the separation of Ag% Au" and Cu" from their mixture is 
possible in the presence of most of the impurities but the separation 
efficiency is adversely affected by the presence of o-nitrophenol, o 
-aminophenol, methylamine and dimethylamine. These com-
pounds were found responsible to bring the Cu" spot very close to 
the spot of Ag* and hence the separation of Cu'* from Ag* was very 
poor. In the case of surfactants as impurities, simultaneous separa-
tion of Au", Cu" and Ag* is possible up to (10% CTAB) 1 mg per 
spot of cationic surfactant (CTAB) but in the presence of anionic 
surfactant (AOT) it is possible only up to 0.01 mg per spot (0.1%) 
as impurities. 
The lowest possible detectable microgram amounts along with 
dilution limits of some heavy metal cations (given in parenthesis) 
obtained on silica gel layer with appropriate detectors were Fe** 
1% aqueous solution of difreienl impurilies 
NOr 
Br-
10,-
SCN-
po."-
tf-Niux)phenol 
m-Niuophenol 
p-Nilrophenol 
o-Aminophenol 
m-Aminophenol 
/7-Aminophenol 
Methylamine 
Oimelhylamine 
Trimeihylamine 
o-Chloroaniline 
ffl-Chlocoaniline 
p-Chloroaniline 
Brij-35 
Triton X-IOO 
CTAB 
AOT 
10% Aqueous CTAB 
0.1% Aqueous AOT 
Separation (RF) 
Au*-
0.90 
0.89 
0.90 
0.90 
0.90 
0.88 
0.90 
0.90 
0.89 
0.90 
0.90 
0.89 
0.89 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.88 
0.88 
0.88 
0.90 
Cu-
0.22 
0.17 
0.22 
o.n 
0.20 
0.13 
0.21 
0.19 
0.14 
0.55 
0.22 
0.17 
0.13 
0.25 
0.22 
0.23 
0.21 
0.21 
0.22 
0.14 
0.13 
0.12 
0.17 
Ag-
0.03 
0.00 
0.00 
0.00 
0.00 
0.02 
0.02 
0.02 
0.03 
0.05 
o.o: 
0.00 
0.00 
0.00 
0.02 
0.02 
0.02 
0.03 
0.02 
0.00 
0.03 
0.00 
0.03 
6.0 1 
6.0 
^ 40 • 
1 3.0 
< 
1 20-
1.0-
0 ^ 
0 
1.5 • 
% '•°' 
u 
1 
i 0.5-
V, 
n i_ 
0 
50 100 150 
Amount Loaded (ug of O)**) 
*Rf values o/Au". Cu" andAg' 
0.28 and 0.03, respectively. 
T = TaiUd Spot (RL-RT>0.3) 
in the absence of impurilies are 0.90, 
~^ 1 1— 
5 10 IS 
Amount Loaded («/( of Cu") 
— I 
20 
Figure 6. Calibtation curves for semiquantitative determination of 
Co"andCu" 
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(0.125, 1: 8 X 10*); Cu" (0.25, I: 4 x iC); Ag* (8.0. 1: 1.2 x lO-); 
Ni'* (0.1,1:1 x 10*) and Co** (0.1,1: 1 x 10*). The present method 
is superior being more sensitive than reported methods [28,29]. 
An attempt has been made for semiquantitative determination 
of metal cations by spot-area measurement method. The spots ob-
tained were copied on tracing paper from the chromatoplates and 
the spot-area was measured. A relationship between the spot-area 
and microgram quantities of metal cations follows the equation ^ s 
km, where ^ is the spot area, m is the spotted amount and k is con-
stant Representative plots of Cu" and Co" are shown in Figure 6. 
A linear relationship was obtained for Ni", Co'*, Cu'* and Cd'* 
when the area of spot was plotted against the amount of the sample 
spotted. At higher concentration, a negative deviation from linear 
law in all cases was observed. The accuracy and precision were be-
low ± 15%. 
Quantitative Studies 
Cu'* (up to 25.45 ng) was spectrophotometrically determined 
using 0.1% PAN as chromogenic reagent. Optical densities were 
measured at 460 nm and plotted against |Jg amounts of Cu'* to ob-
tained the standard calibration curve. This curve was used to study 
0.08 1 
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Figure 7. Calibration curve for quantitative determination of Cu"' 
the recovery (Figure 7) of Cu'* from synthe'ic alloy and ore sam-
ples. It was observed that copper up to 97% can be recovered. The 
RSD remained below 3.16 and percent error was not more than 
18.35 as listed in Table 6. 
Application 
Table 6. Spectrophotonwtric determination of Cu'* after its separation from Ag' and Au" 
Samples 
Amount loaded 
(Hg) 
Amount recovered 
(Hg) 
% Error Percentage recovery 
Relative standard 
deviation (pph) 
Gun metal 
Ornamental silver 
Copper sulfide (CuS) 
Copper pyrites (CuFeSj) 
22.86 
5.08 
25.45 
5.08 
22.26 
4.65 
23.45 
4.14 
2.62 
8.46 
7.85 
18.35 
97.37 
91.53 
92.14 
81.49 
1.75 
3.16 
2.56 
2.78 
Table 7. Experimentally achieved separations on silica gel 'G' layers developed with different mobile phases 
Mobile phases Separations (RF) " 
1.44% SDS(pH 2.3) 
0.3%SDS(pH2.3) 
0.3% SDS (pH 2.3) + 1% urea (9:1) 
Co'* (0.88), Ni'* (0.85), Au" (0.90) - Al** (0.12), Fe** (0.05). Hg". VO". Ti**, UOs'* or Pb" (0.00) 
Co'* (0.89). Ni'* (0.87) - Al** (0.11) 
Co'* (0.89), Ni'* (0.87) - Cu'* (0.14) 
Au'*(0.90)-Ag*(0.12) 
Au** (0.90)-Cu" (0.15) 
Ni'* (0.87) - Cd'* (0.39) - VO'*. Ti\ VOi', Fe** or Pb" (0.00) 
Au** (0.91) - Cu" (0.47) - VO"*, UO.'* (0.00) 
Au" (0.91) - Cu" (0.49) - Ti** (0.06) 
0.3% SDS (pH 2.3) + 5% urea (9:1) Au" (0.90) - Cu" (0.42) - Ti** (0.07) 
0.3% SDS (pH 2.3) + 1% thiourea (9:1) Au" (0.89) - Cd" (0.52) - Ti**, Pb" or Fe" (0.05) 
Au" (0.90) - Al" (0.32) - VO'* or UO," (0.00) 
0.3% SDS (pH 2.3) + 5% NaCl (9:1) Au" (0.90) - Cu" (0.32) - Ag* (0.02) 
Au" (0.92) - Cu" (0.30) - Pb'*, VO'* or UO," (0.05) 
Au" (0.90) - Cu" (0.28) - Ti**(0.00) 
" The RF values of metal ions in their mixtures are slightly changed from their individual Rr values because of mutual interactions. 
• 1 4 4 -
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Table 8. Simultaneous separation of co-existing Au", Cu" and Ag* from real and spiked samples on silica layers developed with M,, (9:1) 
Separation (RF) Spiked samples Separation (RF) 
Au** Cu'* Ag-
Real samples (unspiked) 
High-copper dental amalgam (HCDA) 
Prinied-circuit board (PCB) 
Silver mirror scrap (SMS) 
Silver mirror spent solution (SMSS) 
Sterling silver ISS) 
Electroplating gold waste 
Ag' (0.04) -
Ag'(0.04)-
Cu'*(0.32) 
Ag-(0.03)-
Ag*(0.03)-
Ag*(0.02)-
Au'*(0.89) 
-Cu'*(0.30) 
-Hg'*(0.60T) 
-Au'*(0.90) 
•Cu'*(0.30) 
•Cu'*(0.30) 
-Cu'*(0.31) -
-Cu"(0.30) 
High-copper dental amalgam (HCDA) 
Printed-clrcuit board (PCB) 
Silver mirror scrap (SMS) 
Silver minor spent solution (SMSS) 
Sterling silver (SS) 
Electroplating gold waste 
0.90 
0.91 
0.92 
0.90 
0.90 
0.92 
0.32 
0.31 
0.32 
0.30 
0.29 
0.30 
0.03 
0.04 
0.02 
0.03 
0.03 
0.04 
Several important separations of metal cations were experi-
mentally achieved on silica gel layers developed with a variety of 
mobile phase systems. These separations have been listed in Table 
7. The most favorable TLC system comprising of silica gel as sta-
tionary phase and 0.3% aqueous SDS plus S% NaCI (9:1) as mo-
bile phase has been tested for identiflcation and separation of Ag*, 
Cu'* and Au*" from a variety of matrices. The results presented in 
Table 8 indicate the versatility of the proposed TLC systems which 
has wider applications. 
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ABSTRACT 
Silica gel has been used as a stationary phase in combination with surfactant-
mediated acidic eluents for thin-layer chromatography (TLC) of 14 
metal cations. Several combinations of mobile-phase systems comprising 
different surfactants (anionic, cationic, and nonionic) and carboxylic or 
mineral acids have been tested for rapid and reliable separation of metal 
cations. The results obtained on plain silica gel were compared with those 
obtained on plain alumina, cellulose, and keiselguhr, as well as on mixed 
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adsorbents. The TLC system constituting silica gel as a stationary phase 
and 0.001 M aqueous sodium bis(2-ethyl hexyl) sulfosuccinate plus 
1.0 M aqueous formic acid (1:1, v/v) as a mobile phase was identified 
as the most favorable system for the separation of coexisting Al^ "*", Fe^ "*", 
and Ti*^ in the presence of conunon organic and inorganic impurities. The 
proposed method is rapid and is suitable for identification and separa-
tion of Al^ "*", Fe^ "'', and Ti'^ from sea, river, tap water, and bauxite ores. 
The separation of microgram quantities of Al^ "*" from milligram quantities 
of Fe^ "*" or vice versa and parameters such as limits of detection, repro-
ducibility, and repeatability were studied. Quantitative determination of 
Al^ "*" in bauxite ores was done by TLC spectrophotometer. 
Key Words: TLC; Separation; Cations; Spectrophotomeiric 
determination. 
INTRODUCTION 
Several interesting features, such as the possibility of direct observation, 
use of specific and colorful reactions, cost-effectiveness, reasonable sensi-
tivity, rapidity, excellent resolution power, capability of handling a large 
number of samples simultaneously, and the applicability of two-dimensional 
separation, have maintained the continuing popularity of thin-layer chromato-
graphy (TLC) as a separation technique. The separation of heavy metal cations 
has attracted considerable attention in recent years, because of the environ-
mental, technological, and metallurgical importance of these metals. Although 
many investigations have been made and reponed^*"^^ of the use of planar 
chromatographic techniques for the analysis of specific inorganic ions, there 
have been few studies on the simultaneous analysis of inorganic cations. 
Yoshinaga et al.^ °^^  have used two-dimensional TLC for the simultaneous 
detection of 20 inorganic cations, including Al^ "^  and Fe''"'' on cellulose 
layer when using two mobile phases, i.e., butanol saturated with a mixture 
of 3.0 M HNO3 and 1.0 M HCl (1:1), and methanol-36% HCl (10:3), 
Mumal separation of Al^ "*", La "^^ , C()^.t, and Ni^ "*" by solvent extraction by 
using bis(2-&thy\ hexyl) phosphinic acid also has been reported.^**' TLC in 
combination with scanning densitometry, has been used for the simultaneous 
determination of Cu "^^ , Fe^" ,^ and Fe'''*' in serum '^^ ^ as their complexes with 
2-[(5-bromo-2 pyridinyl) azo] 5-(diethyl amino) phenol. 
A TLC method involving the use of alumina layers and mixed aqueous 
organic solvent systems as a mobile phase has been used for the analysis of 
minerals consisting of Mo^" ,^ Au "^^ , Pb^" ,^ Cr^ "*", Ti"*"^ , Hg^ "*", Bi^+, and 
Mn '^} Copper, iron, and manganese ions in cotton materials have been 
detected with preliminary separation on microcrystalline cellulose plates 
developed with acetone-HCl-H2O (8:1:2) by using rubeanic acid as a 
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detector.^ '"^ ^ Both Al-^ "*" and Fe^ "*" were strongly retained from aqueous 
solutions at pH = 4 by silica gel impregnated with a mixture of aliquot 336 
and Alizarin Red S, and, hence, they could not be separated.^ *^ ^ 
Efforts of using silica gel "G" impregnated with mono(2-ethyl hexyl) acid 
phosphate^ ^^ ^ or high molecular weight amines^ *^ ^ failed to resolve Ti"* *" and 
Fe^ "^ . Similarly, y^-impregnated silica gel layers with formate ion containing 
eluents were found to be ineffective to separate Al^ "^  from Fe'*'^ .^ '*^  Our earlier 
efforts to separate coexisting and Fe^ "*" by using tributylamine as an impreg-
nant of silica layer^ '^ ^ or as a component of the eluent^ °^^  did not bear fruit. 
Although binary separation of Fe^ "^ , either from Ti'*"'" or from Al^ "^ , was 
always possible, separation from its ternary mixture was impossible, 
Reversed-phase extraction TLC of inorganic ions performed with H2SO4 and 
(NH4)2 SO4-H2SO4 mobile phases on silica gel impregnated with tri-n-octylamine 
was very effective for selective separation of Ci^ "*" from associated metal ions, but 
Al^+,Fe^+,andTi*+ were found to demonstrate the identical mobility trends,^  ^ 
The TLC methods reported to date record good separation of Fe^ "*", Ti^ "*", 
and Al^ "*" from their binary mixtures, but none of these procedures claim tlie 
simultaneous separation of these metal cations from their ternary mixtures. 
However, paper electrophoresis has been used for quantitative separation of 
Al^ "*", Ti'*"'', and Fe^ "*" from a sample of bauxite^ ^^ ^ by using lactic acid as a 
carrier electrolyte. Ti'*"'' migrates toward the cathode during electrophoresis. 
This procedure suffers from the following limitations: 
a. It lacks rapidity as the time of run was SVi hr. 
b. Interference of inorganic and organic species on the mutual separation 
of coexisting Al^ "*", Fe^ "^ , and Ti'*''' ions has not been examined. 
c. The effect of sample pH on the separation has not been investigated. 
d. The influence of a large quantity of one component on the separation 
of another component in the mixture has not been studied. 
e. Repeatability and reproducibility of the method has not been 
examined. 
Aerosol OT; sodium bis(2-ethythexyl) sulfosuccinate (AOT) is one of the 
most widely studied anionic surfactants by physical scientists and biochemists,^ '^ 
because it is capable of forming cosurfactant free microemulsions and it exhibits 
remarkably rich aqueous-phase behavior. However, its use by analytical chemists 
in chemical analysis is lacking. An effort has been made to use reversed micelles of 
AOT formed in hexane as a mobile phase in normal-phase chromatographic analy-
sis of phenol, naphthol, and 2,4-dinitro toluene by using both sihca and bonded-
phase columns.^ '^ As far as we are aware, no work has been reported on the 
use of an AOT-water-formic acid system as an eluent in TLC analysis of 
metal cations. 
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After a careful survey of the recent literature on planar chromatographic 
analysis of metal cations,'^ ^"^^^ we reached the conclusion that the analytical 
potential of formic acid containing eluents has not been fully realized. It, there-
fore, was decided to use normal micelles of AOT with added aqueous formic 
acid solution as a mobile phase in TLC analysis of heavy metal cations. 
The literature data also show that simultaneous separation of Al^ "^ , Fe^ "^ , 
and Ti'*'^  is very interesting and analytically difficult. It, therefore, was 
decided to obtain fiill separation of the ternary mixture composed of Ar , 
Fe^ "^ , and Ti'*"^  by TLC. The proposed method has been successfully applied 
for the analysis of bauxite ore. Although inductively coupled plasma- atomic 
emission spectroscopy (ICP-AES) or intuctively coupled plasma-mass spec-
troscopy (ICP-MS) are more sensitive and reliable techniques for the analysis 
of Al, Fe, and Ti, TLC, being inexpensive, is more suitable for routine analysis. 
Furthermore, this is the first report that describes the applicability of micellar 
mobile phase system in TLC separation of coexisting aluminum, iron, and tita-
nium ions. 
EXPERIMENTAL 
All experiments were performed at 30 ± 5°C. 
Apparatus 
A TLC apparatus (Toshniwal, Mumbai, Maherachtra, India). A 20 x 3.5-
cm" glass plates and 24 x 6-cm^ glass jar, spectrophotometer (ELICO, SL, 
171, Hydrabad, Andhra Pradesh, India), and pH meter (ELICO 18IE, 
Hydrabad, Andhra Pradesh, India) were used. 
Reagents 
Silica gel "G," formic acid, citric acid, tartaric acid, acetic acid, oxalic 
acid, hydrochloric acid, sulfuric acid, and nitric acid (E. Merck. India); cellu-
lose microcrystalline, kieselguhr, alumina, cetyl-trimethyl ammonium 
bromide (CTAB) (CDH, India); sodium dodecyl sulfate (SDS) (Qualigens, 
India); Brij 35, Triton-100 (Loba chemie, India); and AOT (BDH, England) 
were used without further purification. 
Test Solutions 
Standard aqueous test solutions, 1%, were nitrate, sulfate, and chloride of 
AP+, Pb2+, Hg'+, Cd2+, Ni2+, Co2+, Cu'+, Mn2+ Mo^+, ¥0^+, Cr^ +, and 
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Zn^"^. For Fe^ "*", 1% ferric chloride solution was prepared in 1% aqueous HCl, 
whereas, 1% titanium tetrachloride solution was prepared in 0.5% aqueous 
HCl. The titanium solution was stable for 3 - 4 weeks. 
Detectors 
Mo^-^ with 1% aqueous ferric chloride; Fe^"^, Cu^+, Ti"*"^ , and V0^+ with 
1% aqueous potassium ferrocyanide; Ni^ "*" and Co^"^ with 1% alcoholic 
dimethyl glyoxime in ammonia; Zn^"^, Cd^"^, Hg^"^, Pb^ "*" with 0.5% dithizone 
in carbon tetrachloride; Al^ "*" with 0.1% aqueous aluminon solution; Mn^ "*" 
with 2 M aqueous NaOH in 30% H2O2 in 1:1 (v/v) and Cr^ "^ with saturated 
solution of AgNOs in methanol were detected. 
The following stationary mobile phase were used. 
Symbol Composition 
Stationary phase 
S, Silica gel "G" 
52 Alumina 
53 Alumina + silica gel "G" (1:9; w/w) 
54 Alumina + silica gel "G" (1:1; w/w) 
55 Aluminia + silica gel "G" (9:1; w/w) 
Se Cellulose 
S7 Cellulose + silica gel *'G"( 1:9; w/w) 
Ss Cellulose + silica gel "G"( 1:1; w/w) 
89 Cellulose + silica gel "G"(9:1; w/w) 
Sio Kieselguhr 
S11 Kieselguhr + silica gel "G"( 1:9; w/w) 
S|2 Kieselghur + silica gel "G" (1:1; w/w) 
S,3 Kieselghur + silica gel "G" (9:1; w/w) 
Mobile phase 
Aqueous surfactant solutions 
M, 0.0001 M AOT 
M2 0.001 M AOT 
M3 0.01 M AOT 
Aqueous surfactant solution with carboxylic,* and mineral acids" 
M4 M2 + formic acid (1:1; v/v) 
Ms M2 + formic acid (1:1; v/v) 
Me M2 + formic acid (1:1; v/v) 
M7 M2 + acetic acid (1:1; v/v) 
Mg M2 + oxalic acid (1:1; v/v) 
(continued) 
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Symbol Composition 
M9 M2 + tartaric acid (: 1; v/v) 
Mio M2 + citric acid (1:1; v/v) 
Mil M2 + hydrochloric acid (1:1; v/v) 
M|2 M2 + sulfuric acid (1:1; v/v) 
Mi3 M2 + nitric acid (1:1; v/v) 
Aqueous surfactant solution with mononcarboxylic acid^ (formic acid) 
Mu 0.001 M CTAB + formic acid (1:1; v/v) 
M,5 0.001 M SDS -f formic acid (1:1; v/v) 
M,6 0.001 M Triton-100 + formic acid (1:1; v/v) 
M, 7 0.001 M Brij 35 + formic acid (1:1; v/v) 
*Acids were taken as l.OM aqueous solution. 
Preparation of TLC Plates 
Plain Silica Gel, Cellulose, Alumina, and Kieselguhr 
Plain silica gel plates were prepared by mixing silica gel with double-
distilled water in 1:3 ratio with constant shaking until a homogeneous slurry 
was obtained. The resultant slurry was applied to the glass plates with the help 
of an applicator to give a 0.25-mm-thick layer. The plates were dried at room 
temperature and then activated at 100 ± 5°C by heating for 1 hr. The activated 
plates were stored in a closed chamber at room temperature. Similarly, TLC 
plates of plain cellulose, alumina, and kieselguhr were prepared following 
the above mentioned process. 
Mixed Silica Gel-Cellulose, Alumina, or Kieselguhr Plates 
The mixtures containing cellulose, alumina, or kieselguhr, and silica gel 
"G" in different ratios (9:1 , 1:1, 1:9 w/w) were slurried with double-
distilled water in 1:3 ratio by shalcing until a homogeneous slurry was 
obtained. Thin layers of resultant slurry were prepared by following the 
method as described above. 
Preparation of Analyte Samples 
Preparation of Spiked Seawater, Tap Water, and River Water 
A total of 5 mL each of sea water (pH 8.47, collected from Anjana beach 
of the Arabian Sea, Goa, India), river water (pH 7.50 collected from Ganga 
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River at Naraura, India), and tap water (pH 7.23) was spiked with a 1-mL 
solution each of Al^ "^ , Fe^ "*", and Ti'*'^  salts, and the resultant pH of the 
spiked samples were 1.83, 1.34, and 1.23, respectively. Aliquots, 0.01 mL 
of resultant samples were applied separately on three activated TLC plates 
(Si), and chromatography was performed. 
Preparation of Bauxite Solution 
Sample solutions (1%) of bauxite was prepared by adding 10-mL concen-
trate HCl in 1-g bauxite ore sample followed by adding 5-mL concentrate 
HNO3 and 15-mL (1:1) dilute H2SO4. The contents were heated at 100°C 
for 1 hr. The SiOa present in the sample was separated by filtration. Filtrate 
was completely dried, and the residue was dissolved in 1% HCl. The total 
volume was increased to lOOmL by adding 1% HCl. 
Preparation of Spiked Bauxite Solution 
Bauxite ore solution (5 mL), as prepared above, was spiked only with 
ImL of 1% solution of titanium tetrachloride and 0.01 mL of resultant 
spiked sample was applied on activated TLC plate (Si), and chromatography 
was performed. The samples were spiked because we could not detect Ti^ "^  in 
real bauxite sample solutions, as described above on TLC plates. 
Procedure 
About 0.01 mL of test solutions, spiked ore solution or unspiked ore 
solutions was spotted separately on activated TLC plates (Si). The spots 
were air dried and were developed with solvent systems (Mi-Mn) by the 
ascending technique up to 10 cm from the point of application in glass jars. 
After the development, the plates were withdrawn from glass jars, air dried, 
and sprayed with suitable detectors to locate the position of the analyte as a 
colorful spot. The /?L and /?T values for detected spots were determined, 
and the Rp value was calculated. 
For separation, equal volumes of metal cations were mixed and 0.01 mL 
of the resultant mixture was loaded on the activated TLC (S1-S13) plates. The 
plates were developed with selected mobile phase M5, the spots were detected, 
and Rp values of the separated metal cations were calculated. 
To study the effect of the presence of organic and inorganic species as 
impurities on the separation of metal cations, 0.01 mL each of Al^ "*", Fe^ "^ , 
and Ti'*'*' metal cations standard test solutions was spotted onto the TLC 
plates (Si) followed by the 0.01 mL spotting of organic or inorganic species 
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(which were considered impurities). The plates were developed with M5, 
detected, and Rp values of the separated metal cations were calculated. 
The limits of detection of the metal cations were determined by spotting 
0.01 mL of metal salt solutions onto the TLC plates (Si), which were devel-
oped with M5, and the spots were visualized by using the appropriate detector. 
This process was repeated with successive reduction of the concentration of 
the metal salts by adding demineralized double-distilled water, except Ti**^  
for which 1% aqueous HCl was used for dilution, until no detection was possi-
ble. The amount of metal just detectable was taken as the detection limit. 
To achieve the separation and detection of metal cations at different pH 
values, the pH of the test samples were brought to the required value by 
adding borate phosphate buffer solutions of different pH. 
For microgram separation of Fe^ "*" from milligram quantities of Al^ "*", 
a TLC plate (Si) was spotted with 0.01 mL of iron salt solution containing 
3.43 |xg Fe^ "*", followed by spotting of 0.01 mL of aluminum salt solution 
containing 1.27-2.53 mg Al'^ '*' at the same place. The spots were dried; the 
plates developed with M5, visualized, and ^L and R-r values determined for 
both the metal cations. The same procedure was followed for microgram 
separation of Ap"^  from milligram quantities of Fe"^ "^  for which S| was 
spotted with 1.26 |xg Al^ "*" and 0.17-0.51 mg Fe^ "^ . 
Spectrophotometric Determination of Aluminum 
Spectrophotometry of aluminum after TLC separation from iron and tita-
nium was carried out as follows. A sample of aluminum nitrate solution 
containing 3.16-38.01 }xg of aluminum was treated with ImL of 0.1% 
aqueous almninon, and the volume was made up to 10 mL with demineralized 
double-distilled water. After thorough mixing, tfie solution was left for 10 min 
for complete color development. The absorption spectrum of this solution 
against reagent blank over 400-680 nm gave a maximum absorbance peak 
at 540 nm (Amax) by using 1 cm cells, and a standard curve was constructed 
(Fig. la). The color produced with aluminum was stable and proportional to 
aluminum concentration. 
This spectrophotometric method was used to determine aluminum. The 
recovery of aluminum after separation from iron and titanium was determined 
as follows. 
Different volumes (0.01-0.12 mL) of aluminum nitrate solution con-
taining 3.16-38.01 |xg aluminum were spotted on the TLC (Si) plates. After 
the spots were completely dried, 0.1 mg of iron and titanium salt solutions 
were spotted on the same spot on the TLC (SO plates, and the plates were 
redried at room temperature. The dried plates were developed in M5. A pilot 
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plate also was run simultaneously to locate the position of aluminum. After 
development, the region containing the aluminum spot on the pilot plate 
was detected the corresponding region on the working plates (undetected 
spot) was marked and this area of adsorbent was scraped into a clean 
beaker and followed by adding 25 mL of demineralized double-distilled 
water. The beaker was kept in an oven at 60°C for 1 hr. The adsorbent was sep-
arated from the solvent by filtration process and followed by washing of the 
adsorbent with demineralized double-distilled water to ensure complete 
extraction of aluminum. The filtrate was kept on a water bath for complete 
removal of formic acid (it would be present in scraped adsorbent due to the 
mobile phase M5 used). The residue was dissolved in demineralized double-
distilled water (2mL) and 1 mL chromogenic reagent (0.1% aqueous alumi-
non) was added to it. The total volume in each case was maintained to 
10 mL by using demineralized double-distilled water. The solution was left 
for complete color development for 10 min. The absorbance spectra of this 
solution was measured against reagent blank at 540 nm; Amax by using 1-cm 
cells and a recovery curve was constructed [Fig. 1(b)]. 
The percentage recovery of aluminum after its chromatographic separ-
ation from iron and titanium, and the relative error were obtained. The con-
structed standard curve was used to estimate the aluminum present in 
different bauxite ores collected from Madhya Pradesh, central India, and 
east coastal region. 
For checking repeatability of Rp values, equal volumes of 1% metal salt 
solutions of Ti'*"'', Fe'^ "'", and Ap"*" were mixed and 0.01 mL of the resultant 
mixture was loaded on the activated TLC plates (Si). The plate was developed 
with M5, and spots were detected. The same process was repeated five times 
by the same analyst within a day (short interval of time), and the /?F value of 
separated metal cations were calculated. 
For reproducibility, the same process as mentioned above, was repeated 
by different analysts in the same laboratory for 7 days. 
RESULTS AND DISCUSSION 
The result of this study has been summarized in Tables 1 -3 and Figs. 2-3. 
The mobility of 14 metal cations were examined on silica gel G layer 
by using aqueous solution of AOT. The interesting unique features of this 
study arc: 
1. Selection of micellar systems composed of anionic surfactant, AOT as 
a mobile phase. The AOT bears a fraction of a negative charge and 
tends to attract positively charged species, including metal cations. 
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Table 1. Rj: of metal cations with diflFerent surfactant 
(AOT) concentrations. 
Metal cations 
Fe3+ 
Cu^ -^  
Ni2+ 
Co2+ 
Ti^+ 
Pb2+ 
Zn2+ 
Hg2+ 
Cd2+ 
Al'+ 
Mn2+ 
M o ^ 
Cr^+ 
V02+ 
M, 
0.08 
0.08 
0.78T 
0.62 
0.0 
0.0 
0.08 
0.20 T 
0.30 
0.05 
0.44 
0.98 
0.50 T 
0.08 
M2 
0.11 
0.10 
0.82T 
0.63 
0.0 
0.0 
0.11 
0.15 
0.28 
0.09 
0.54 
0.98 
0.86 
0.13 
M3 
0.09 
0.06 
0.65T 
0.66 
0.0 
0.0 
0.09 
0.22 T 
0.35T 
0.10 
0.50 
0.97 
0.91 
0,09 
Note: T, tailed spot (/?L -RT> 0.3). 
2. Utilization of formic acid as an additive in the mobile phase. Formic 
acid being a carboxylic acid is capable of forming complexes with 
certain metal ions^^^ and is sufficiently acidic [Ka(H20) at 25°C = 
1.77 X lO"'^] to check the hydrolysis of salts. Its reducing properties 
do not permit the oxidation of metal cations during analysis. The acidic 
developers containing formic acid are less affected by silica gel properties 
and provide excellent resolution of aflatoxins^^^^ and cations.^ ^^^ 
3. Realization of mutual separation of Al^ "*", Fe^ "*", and Ti'*"*" from their 
mixtures and examination of effect of various factors on the separ 
ation of coexisting Al^"^, Fe"'"'", and Ti'*'^  ions. 
Table 2. Rp of metal cations on silica gel "G" layers developed with different 
mobile-phase systems. 
Mobile phase Separation 
M3 Cr^+ (0.92)-Mn2+ (0.5D-Cu^^ (0.05)/VO2-^ or Fe^+ (0.07)/ 
Ti'*-^  (0.0)/Zn2+ or Al^+ (0.09). 
M4 Co^+ (0.77)-Al^+ (0.52)-Fe^'*" (0.18)/Pb^+ or Ti*-*- (0.07) 
M5 Ni^^ (0.86)/Mn2+ (0.84)/Co2+ (0.90)/Zn2+ (0.80)/Cd2+ (0.85)/ 
Hg -^" (0.76)/Al^+ (0.81)-Fe^+ (0.51)-Pb2+ orTi'^ (0.0) 
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Table 3. Rp of Al^ "*", Fe^ "*", and Ti*"*" cations from spiked and bauxite ore samples. 
Samples 
Mobile phase: M5 
Seawater 
River water 
Tap water 
Central India bauxite 
Spiked central India bauxite 
East coastal bauxite 
Spiked east coastal bauxite 
Madhya Pradesh bauxite 
Spiked Madhya Pradesh bauxite 
Al^ -^  
0.77 
0.81 
0.83 
0.80 
0.81 
0.81 
0.80 
0.83 
0.83 
Separations (Rp) 
Fe^+ 
0.30 
0.52 
0.51 
.043 
0.43 
0.44 
0.45 
0.52 
0.51 
^j4+ 
0.0 
0.0 
0.0 
ND 
0.0 
ND 
0.0 
ND 
0.0 
Note: ND, not detected. 
4. Quantitative determination of Al^ "*" by spectrophotometry with 
preliminary separation from other metal cations. 
5. Application of proposed method to the analysis of several real and 
synthetic samples containing Al^ "*", Fe^ "^ , and Ti'*'^ . 
Optimization of Mobile Phase System 
Effect of Concentration of Surfactant on Mobility of Metal Cations 
To examine the effect of concentration levels of surfactant on the mobi-
lity of metal cations, chromatography was performed on silica gel layers 
by using different concentrations of surfactant in a mobile phase (Mj-Ms). 
This concentration range of AOT was selected to perform the chromato-
graphy with mobile phase systems, which have the surfactant concentration 
(a) below its critical micelle concentration (cmc) value; (b) near cmc; and 
(c) above cmc. 
The /?F values of metal cations obtained in aqueous solutions of AOT 
(M1-M3) at various concentration levels have been presented in Table 1. 
From the data of Table 1 the following conclusions are drawn: 
i. Metal cations such as Fe^+, Cu^^, Zn^^, Al^+, and V0^+ show very 
little mobility (Rp ~ 0.08), whereas, Ti*+ and Pb^+ show no mobi-
lity (^F = 0.0) at all concentration levels of aqueous AOT. 
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Figure 1. Standard (a) and recovery curves (b) for spectrophotometiic determination 
ofAl^+. 
ii. Ni^ "*" produces badly tailed spots at all concentrations of AOT. Hg^ "^  
shows tailed spots at AOT concentration levels of 0.0001 and 
0.01 M, whereas, it produces a well-formed compact spot at 
0.001 M AOT. This observation indicates that tailed spots for 
,2+ Hg occur when the surfactant concentration is either below or 
above its cmc value. The cmc of AOT is 0.00064 M. Cd^ "^  shows 
tailed spots only with a M3 (AOT = 0.01 M) mobile phase. 
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iii. Co^ "^  and Mn^ "^  show intermediate Rp values tiiat fluctuate between 
0.62-0.66 and 0.44-0.54 for Co^ "^  and Mn^ "^  respectively. 
iv. Mo^ "^  shows constant and high mobility (Rp = 0.98) and forms well-
formed compact spots at all concentration levels. 
V. Mobility of Cr^ "*" increases with the increase in concentration of 
AOT. However, badly tailed spots at concentration level below 
the cmc of AOT (MO were observed. 
As more compact spots for cations were realized at 0.001 M AOT, this 
mobile phase (M2) was selected for further studies. 
Synergistic Effect of Formic Acid on Mobility of Metal Cations 
The effect of formic acid, a monocarboxylic acid, on the mobility of metal 
cations was studied, using a mobile phase consisting of 0.001 M AOT and 
formic acid in different volume ratios (M4-M6). The Rp values of metal 
cations observed with these mobile phases are presented in Fig. 1. From this 
figure, the following trends about the mobility of metal ions are noticeable. 
i. Mobility of most of the metal cations, such as Fe"^ ''", Cu^ "*", Ni^ "^ , 
Co^ "^ , Zn^ "^ , Hg^ "^ , Cd^ "^ , Al^ "^ , and Mn^ "^ , was found to increase 
with an increase in the volume ratio of formic acid with 0.001 M 
AOT in mobile phase systems (M4-M6) 
ii. VO^ "^  shows badly tailed spots at all volume ratios of formic acid. 
iii. Ti'*'^  and Pb^ "*" remain at the point of application, regardless the 
concentration level of formic acid. 
iv. Cr^ "^  forms double spots; the first spot appears near the solvent front 
(/?F = 0.93) on a TLC plate, whereas, the second spot appears in the 
middle of the plate. The Rp value of second spot depends on the 
forming acid concentration and varies from Rp = 0.52 to 0.64 
with the increase in volume ratio of formic acid in the mobile 
phase systems (M4-M6) containing 0.001 M AOT. 
It was observed that formic acid acts as a promoter of mobility, it is prob-
ably due to the higher density of H"^  ions in formic acid containing mobile 
phase systems, which compete with the cation for the exchange on silica 
gel layer, with enhanced compactness of spots for most of metal cations 
with exception of VO "^^ . 
From the above studies, a TLC system constituting of silica gel as a 
stationary phase (S,) and 0.001 M aqueous AOT plus 1M aqueous HCOOH 
in a 1:1 ratio as a mobile phase (M5) was identified as the most favorable 
system for the separation of Ti^+, Fe^+, and Al^ "^  from their mixtures. 
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The order of mobility (/?F> given in parenthesis) was Al^ "*" (0.83) > Fe ^ 
(0.48) > Ti"^ "^  (0), which is analogous to the mobility trend reported by 
Lacourt et sH.P^^ who separated these cations by paper chromatography 
when using formic acid containing eluents. 
To search out the most favorable experimental conditions for mutual 
separation of coexisting Al^ " ,^ Fe^ "*", and Ti'^ '^  ions, the following factors 
were examined. 
Effect ofCarboxylic and Mineral Acid on Mobile Phase 
To understand the effect of carboxylic and mineral acids on the separation 
of coexisting Ap"*", Fe^" ,^ and Ti'*'*", formic acid (l.OM) in M2 was replaced 
by l.OM of other acids, and the resultant mobile phase systems were used 
for chromatography. The obtained results, as shown in Fig. 2, indicate the 
following trends. 
i. Mineral (HCl and HNO3) and carboxylic (citric, tartaric, acetic, and 
oxalic) acids have serious influence on the mobility of AP"^ and 
Fe^ "*" and, hence, hamper the separation, 
ii. Ti'*'^  could not be detected in the presence of citric, tartaric, oxalic, 
hydrochloric, and nitric acids, 
iii. The simultaneous separation of Al^ "*", Fe^ "*", and Ti'*"'" is possible only 
with mobile phase system containing either formic (M5) or sulfuric 
(Ml2) acid in combination with AOT. 
iv. Compared with H2SO4, better separation was with formic acid 
containing eluent because of the formation of more compact spots 
of analytes. 
Effect of Added Surfactants in the Mobile Phase 
The effect of the nature of surfactants (anionic, cationic, and nonionic) 
of the same molarity (0.001 M) added to l.OM formic acid in a 1:1 ratio 
(M14-M17), on separation of coexisting Al^ " ,^ Fe^ "*", and Ti'*'*', was studied. 
It was found that the mobility of Ti*^ (/?F = 0.0) remains unaltered, irrespec-
tive of the nature of surfactant in the mobile phase (M14-M17). However, a 
little change in Rf: values for Fe "^^  and Al^ "*" was observed. The cationic 
surfactant (CTAB) containing a mobile phase (M^) promotes the mobility 
of both Fe -^^  (/?F = 0.67) and Al^ -^  (/?F = 0.90) from their standard /?F 
values 0.48 and 0.83, respectively, in M5, without hampering the possibilities 
of simultaneous separation of Al^ "*", Fe^" ,^ and Ti*" .^ 
Effect of Nature of Sorbent Layers 
To establish the effectiveness of silica gel "G", the mutual separation of 
Al"'"^ , Fe^" ,^ and Ti'*'*' was examined by using different sorbent layers. 
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Thin layers of pure cellulose, alumina, and kieselguhr G fail to resolve the 
three-component mixture of AP"*", Fe^ "*", and Ti'*"^ . Separation of coexisting 
Al^+, Fe^" ,^ and Ti'*"^  is possible only if silica gel "G" is kept >50% (w/w) 
in mixed adsorbent thin layers. Low-weight ratios of silica gel G with 
alumina, cellulose, and keiselguhr G causes tailing in Fe"*"*". 
Effect of Impurities 
The presence of heavy-metal cations, pesticides, phenols, alcohols, 
ketones, and urea in the sample as impurities does not influence the mutual 
separation of Al^ "^ , Fe "^^ , and Ti'^ '^ , although the Rj: value of Fe^ "^  is slightly 
modified (Rp varies between 0.62 and 0.39) from its standard value (Rp = 0.48) 
in the presence of impurities. Amines (dimethyl, triethyl, and tributyl) and 
anions (POl~ and SCN~) were found to hamper the separation. These impurities 
converted the compact spot of Fe^ "*" into a badly diffused spot. 
Effect ofpH of Test Sample 
It was found that Al"'"'", Fe^ "*", and Ti"*"^  can be easily separated from each 
other up to pH 2.3. At higher sample pH, Ti^ "*" and Fe^ "*" are precipitated. Thus, 
separation of coexisting Fe^ "*", Al^ " ,^ and Ti'^ "'" is possible, only up to pH 2.30 
of the sample solution. 
Effect of Loading Amount ofAnalyte 
It was observed that 3.43 (xg of Fe^ "^  can easily be separated from 1.78 mg 
of Al^ "^ . Similarly, 1.26 |xg of Al^ "^  can be separated from 0.40 mg of Fe^" .^ 
Thus, milligram quantities of one metal cations can be separated successfully 
from microgram amounts of other cation by using the proposed TLC system. 
Limit of Detection 
The lowest possible detectable nanogram amounts (given in parenthesis) of 
heavy-metal cations obtained on silica gel "G" layers (SO developed with M5 
were Fe -^^  (42.5), Al^ -^  (0.5), and Ti^ ^^  (200.8). These data show that the pro-
posed method is very efiicient at identifying these metal cations at trace level. 
Quantitative Determination ofAf"^ 
The calibration curve for Ap"*" was constructed [Fig. 3(a) and (b)]. 
The absorbance gives a linear relationship in the concentration range 
3.16-38.01 M-g of Al^ " .^ The maximum recovery of Al^ "^  after the TLC separa-
tion from Fe^ "^  and Ti'*'^  is 94%. 
It was observed that the percentage amounts of Al^ "^  present in Madhya 
Pradesh, central India, and east coastal bauxites are 37.75, 62.5, and 57.5, 
respectively, which fall within the range of percentage content of Al^ "^  
actually present in the bauxite ores. 
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Validation Parameters 
The RSD of reproducibility and repeatability of our proposed method 
were not more than ±4.47% and ±7.085%, respectively. 
Applications 
Some important separations of metal ions obtained experimentally on 
silica gel "G" layer (Si) with mobile phase systems M3, M4, and M5 have 
been listed in Table 2. The M3 and M4 mobile phase are found useful for 
the separations of coexisting Cr^ + (0.92)-Mn2+ (0.51)-Cu2^ VO^ -*", Fe^ -*-, 
Ti^ +, Zn2+, or Al^ + (0.05) and Co^+ (0.77)-Al^+ (0.52)-Fe^+, Pb^+, or 
Ti'*'*' (0.07), respectively, where as M5 mobile phase is considered as one of 
the most favorable mobile phase for the separation of coexisting Ni^ "*", 
Mn^ ,^ Co^+, Zn -^", Cd^^. Hg^ "^ , or Al^+-Fe^+-Pb^+ or Ti^ ^^  (0.0). The 
results related to the separation and identification of Al''" ,^ Fe^ "*", and Ti'*'^  
in various spiked matrices and bauxite ore samples are listed in Table 3. 
From the data listed in Table 3, it is cleared that Rp of Al^ "*" and Fe^ "*" fluctuate 
from 0.77 to 0.83 and 0.52 to 0.30, respectively; whereas the seawater sample 
shows the lowest Rp values of Al^ "*" (0.77) and Fe^ "*" (0.3). In the case of 
the bauxite samples, the Rp value of Fe^ "*" (0.43) is slightly lowered in the 
case of central India and east coastal bauxite. The Ti'*"'' shows no mobility 
and remains at the point of application. Whereas, in bauxite samples Ti'*'*' 
is not detectable because of lower amount than limit of detection. These 
data clearly demonstrate the applicability of the proposed method for simul-
taneous separation of Al"'"'", Fe"'"'", and Ti^ "*" from a variety of samples. 
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